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Abstract
N ative-centric coarse-grained m odels, term ed C a  Go m odels, have been  widely used fo r 
com putational sim ulation o f  sm all protein to study their folding kinetics and 
therm odynam ics. The lim itations o f these m odels come from  the lack o f non-native 
interactions and neglect o f the specificity o f am ino acid residues. On the other hand, the 
sim ulations o f  protein folding in atom istic details using accurate energy force field, 
term ed ab-initio m odels, have been proven to be too com putationally expensive, even 
w ith the m ost pow erful computers. Therefore, m any new  m odels at interm ediate level 
have been developed, such as m ulti-bead m odel, Go-like m odel, and all-atom  Go m odel. 
These im proved G o-hke m odels retain  som e o f the specificity o f am ino acids and m ore 
im portantly are still able to fold proteins starting from  com pletely unfolded states to  th e ir 
unique native structures.
O ur aim  is to develop m ore realistic all-atom  Go-like m odels from  a previous all-atom  
Go m odel by incorporating specificity to  selected structural elem ents and to non-native 
interactions. The tem plate for this developm ent is the ultra-fast folding 20-residues T rp- 
cage protein. W e begin by reanalyzing sim ulation data o f the previous highly optim ized 
Go m odel o f the Trp-cage. This reveals th ree distinct folding pathways: d iffusion 
collision; hydrophobic collapse; and downhill path. In the latter, proteins fold downhill, 
at u ltra-fast speed, tow ard the native state w ithout having to surm ount an entropie harrier. 
Second, the interaction energies o f key structural elements are tuned to exam ine the  
folding pathways in  detail. This found that the folding pathways taken  by the protein are 
determ ined by the balance betw een the stability o f  the a -h e lix  and the hydrophobicity o f  
the Trp-cage core, while the folding speed is determ ined by the salt bridge betw een 
residues Asp9 and A rg l6 . Finally, hom ogeneous and know ledge-base non-native 
interactions are incorporated into the Go model. For models w ith hom ogeneous n o n ­
native interactions the folding pathw ays is steered tow ard a pseudo-dow nhill pathw ay 
w here proteins are trapped in  m isfolded conformations. In contrast, m odels using 
know ledge-based non-native interactions observe enhanced dow nhill folding, leading, in  
som e cases, to a m odest increase in  the folding speed.
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Chapter 1
Introduction to protein folding problem
Proteins play a key role in alm ost all biological processes. They take part in, for 
exam ple, m aintaining the structural integrity o f  the cell, transport and storage o f  small 
m olecules, catalysis, regulation, signaling and m aintenance o f  the immune system. In 
biological system s, newly synthesized protein m olecules start out in linear random  coil 
structures, but they quickly fold to unique com pact native structures. Their abilities to 
perform  their intended functions rest on their folding to  these unique native structures. 
As a result, there have been m any efforts, both experim ental and theoretical, in 
determ ining their native structures, and understanding their folding m echanism s.
1.1 Protein structure and orientation conform ations
1.1.1 Primary, secondary, and tertiary structure
Proteins are heteropolym ers m ade up o f  20 m olecular units, w hich called am ino acids 
(B randen and Tooze 1999; Petsko and Ringe 2004). A ll am ino acids have the same 
backbone structure (also called m ain chain), and are distinguished by the side chain R 
(see Fig. 1.1). They are usually referred to by acronym s or alphabets (Fig. 1.2). In  
vivo (in nature) and in vitro (in the lab) am ino acids form peptide bonds to form  
am ino acid sequences called polypeptides. Proteins are am ino acid sequences that 
have been optimized, by natural evolution, to fold to specific structures and to 
perform  specific biological functions. The am ino acid sequence (sequence o f  
alphabets. Fig. 1.2) o f  a protein is referred as the protein’s prim ary structure (Fig. 
1.3(a)). Proteins readily form secondary structure, (Fig 1.3(b)) stabilized by backbone 
hydrogen bonds betw een N -H  and C = 0  groups, w hich are either alpha helices (Fig. 
1.4) or beta sheets (Fig. 1.5). In a folded protein the secondary structure elem ents are 
packed to form a specific com pact globular structure called the tertiary structure  (Fig. 
1.3c). In these form, a protein is said to be folded into its unique native structure.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure F I  T he chem ical struc tu re  o f  an am ino  acid. T he backbone is the sam e fo r all am in o  acid s and 
co nsists o f  the  am ino group  (N H 2), the  a lp h a  carbon  and  the carboxylic  acid  g ro u p  (C O O H ). D ifferen t 
am ino  acids are d istin g u ish ed  by th e ir d iffe ren t side chains, R.
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Figure  1.2 .\m in o -a c id  stru ctu re  and the chem ical characters o f  the am in o -a c id  side cha in s
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(a ) Primary
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T ertia rY ^ )
F ig u re  1.3 Levels of protein structure Illustrated by the catabolite activator protein (a) The
amino-acid sequence o f  a protein (primary structure) contains all the information needed to speedy (b) 
the regular repeating patterns o f  hydrogen-bonded backbone conformations (secondary structure) such as 
alpha helices (red) and beta sheets (blue), as well as (c) the way these elements pack together to form the 
overall fold o f  the protein (tertiary stmcture) (PDB 2cgp). (adopted from Petsko and Ringe 2004)
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F ig u re  1.4. The alpha helix The chain path with average helical parameters is indicated showing (a) 
the alpha carbons only, (b) the backbone fold with peptide dipoles and (c) the full structure with 
backbone hydrogen bonds in red. All three chains run from top to bottom (that is, the amino-terminal end 
is at the top). Note that the individual peptide dipoles align to produce a macrodipole with its positive end 
at the amino-terminal end o f the helix. Note also that the amino-terminal end has unsatisfied 
hydrogen-bond donors (N -H  groups) whereas the carboxy-terminal end has unsatisfied hydrogen-bond 
acceptors (C =0 groups). Usually a polar side chain is found at the end o f the helix, making hydrogen 




F ig u re  1.5 The structure o f the beta sheet The left figure shows a mixed beta sheet, that is one 
containing both parallel and antiparallel segments. Note that the hydrogen bonds are more linear in the 
antiparallel sheet. On the right are edge-on views o f  antiparallel (top) and parallel sheets (bottom). The 
corrugated appearance gives rise to the name “pleated sheet” for these elements o f secondary structure. 
Consecutive side chains, indicated here as numbered geometric symbols, point from alternate faces of 
both types of sheet, (adopted from Petsko and Ringe 2004)
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1.1.2 Rotational conformations, the Ramachandran plot, and the Levinthal’s 
paradox
In 1968, Ramachandran (Ramachandran et al. 1963) showed tlrat since the bond 
lengtlr between atoms comprising the backbone o f  a polypeptide is effectively 
constant (Fig. 1.1), tire only confomiational freedom available to proteins is the 
rotation o f tire side chains about the backbone stmcture. Hris is illustrated in Fig. 1.6, 
where the orientations o f a side chain o f  air anrino acid with respect to  the backbone 
are classified by the dihedral angles i|/ (psi) and (j) (phi). Experim ental works showed 
that amino acid tends to have confonnational preferences. This is summarized by tire 
Ramachandran plot (Fig. 1.7) which displays the observed \\i and (j) backbone 
confomrational airgles o f proteins. Particular notewortlry are the class o f  amino acids 
(such as Ala, Glu, Leu and Met) witlr tire range \\f ~ -60° to -80° (or (j) ~ 60° to 80°) 
characteristic o f  a-helix , and those (Val, He, Tyr, Cys) with extended range \\r ~ 100° 
to 180° and (|) ~ -90° to 90° characteristic o f  P-sheet (Branden and Tooze 1999; Petsko 
and Ringe 2004).
Tlris confonnational freedom is the basis o f L ev in thal’s p arad o x , nam ed after the 
French biophysicist C. Leviirthal (Levinthal 1968) which is a cmde calculation that 
concluded that a protein in an extended random coil state w ould take to the order o f  ~ 
10̂ ® years to fold to its unique native state (Ploktin and Onuchic 2002a). That 
calculation made tire simplifying, but reasonable, assumptions that an amino acid can 
assume two conformations and tlrat it takes about one picoseconds to  interconvert 
between confonrrations. But Levintlral also made tire extreme assum ption that tire 
search to locate this unique native state is a random search. Later we shall explain that 
this assumption is erroneous, and describe the resolution o f tlris paradox.







Figure 1.6 A tripeptide o f  alanine. Note that the peptide bonds on either side o f  the central alpha carbon 
act to create rigid plates which rotate about phi and psi. (adopted from Petsko and Ringe 2004)
180
-180
■ poly proline helix 
• co llagen helix
| |  antiparallel |i  sh ee t 
type II jj turn
-IX helix
parallel p  sh ee t
e -
: helix
-e x te n d e t chain
-ISO*
'f> i degrees;!
Figure 1.7 A Ramachandran plot for the tripeptide. The plot is similar to a topographical map, where 
energy, instead o f  altitude, is shown with the contours. Surrounding phi=0, psi=0 there is a high energy 
"plateau" which drops into valleys o f stability with minima for alpha helices and beta sheet, noted in 
the figure. In large proteins, the large majority o f  non-glycine residue possesses phi, psi combinations 
tliat reside in these valleys, (adopted from Petsko and Ringe 2004)
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1.2 Protein folding kinetics
1.2.1 Main driving forces
In vivo and in vitro, proteins exist in aqueous solution o f varying pH, often with ions 
and other rnacromolecules. It is belreved tlrat electrostatic forces arising from charged 
and polar side chains o f  proteins as well as frorrr ions are neutralized by water (Dill 
1990), Instead, it also is believed that the hydrophobic force (effects) drives folding, 
Tlris arises from tire terrdency o f polar water molecules to form strained clathrate 
networks o f hydrogen borrds. As a corrsequerrce, in  aqueous solutions, nonpolar 
molecules, tend to aggregate together to avord irrteractions witlr water, m inimizing 
any disraption to the clatlrrate rretworks. Hence even though it is often referred to as 
the hydrophobic force, the tem r hydrophobic effects is more accurate. As mentioned, 
an amino acid is classified as hydrophobic i f  their side chain is nonpolar and as 
hydrophilic i f  its side chain is polar or charged. Hydrophilic side chains interact 
favorably witlr water molecules, aird hence are soluble in water. In the vast majority 
o f  proteins whose native structures have been resolved, tire side chains o f 
hydrophobic amino acids are packed to fom r a solidlike hydrophobic core, leaving the 
side chains o f hydrophilic amino acids on the surface o f the protein, where they are 
exposed to water (Fig. 1,3c).
Anotlrer important driving force in folding is hydrogen bonds which, as mentioned, 
are the main stabilizing factor o f  secondary structures (Figs. 1.4 and 1.5). This usually 
involves bonding between polar N -H  and C = 0  groups. Two important aspects are that 
a stable hydrogen bond requires near parallel orientations between the N -H  and C = 0  
groups, and that water molecules can also form hydrogen bonds with proteins. TTie 
latter process competes with intra-protein backbone hydrogen bonds. For these 
reasons, secondary structures are not completely stable until the final stages o f folding 
when their stability is increased by tertiary structures The role o f secondary structures 
in folding is a contentious issue witli some researchers believing that tliey are partially 
formed at the early stages, while others believing that they are not formed until the 
final stages (Skolnick 2005). A common technique for probing tlris issue is to increase
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
helix stability with tire addition o f triuorethairol (TFE) and to observe its effect on the 
overall folding o f tire protein (Main and Jackson 1999). Later a computational metlrod 
tlrat mimics these experiments will be described.
1.2.2 Con formation entropy and free energy folding funnel
Tlrere are two opposing factors in protein folding: energy consideration favors 
low-energy native state, while entropy favors the high-energy random coil state. The 
latter is an unfolded state witlr high confonnational entropy related to the high num ber 
o f accessible backbone and side-chain conformations (Baker 2000). As m entioned, the 
Levinthal paradox estim ated that it would take tire order o f  ~ 10^° years for a protein 
to fold, even though proteins usually fold within a few seconds. The paradox makes 
the erroneous assumptions tlrat during folding all confonnations, including the native 
confonrrations, are equally probable, which, given the large num ber o f  available 
confonrrations (the order o f 10^°), resulted in the unphysical folding time. The 
paradox has been resolved by tire folding-funnel picture in which proteins (Onuchic 
aird Wolynes 2004), whose prim ary stnictures have been optimized by nature, are 
guided along funnel like pathways, becoming increasingly native-like, towards the 
native states. More refined tlreories include a roughened folding-funnel picture in 
which the funnel-like free-energy landscapes are decorated with metastable 
intermediate states and unstable transition states.
1.2.3 Folding mech an isms
Tire diffusion-collision model or fram ework model (Islairr et al. 2002) states that 
local secondary structures (a-helix or p-sheet) fomr early in the folding pathway and 
these pre-fomred stnictures diffuse and collide forming late tertiary contacts, or 
adhesions. Adherents o f  this m odel believe tlrat early secondary stmcture formation is 
cnicial in reducing o f the accessible conformations along the folding pathways. The 
hydrophobic collapse model (Dill et al. 1993) contends that prior to airy secondary 
stmcture formation, hydrophobic side chains coalesce fomring a nascent core of 
distant tertiaiy^ contacts. Upon this hydrophobic core nucleus, local secondary
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structures propagate. Tire se models differ exactly in the temporal order o f  secondary 
and tertiary structure fom ration along the folding pathway. Tliese extremely polarized 
theories about the nature o f  tire folding pathway are probably overstated, because not 
all proteins will fold according to the same set o f  mles, and most likely the actual 
folding pathways o f a protein will include aspects o f both tlreories.
Tire Nucléation condensation model posits that neitlrer pre-fomred helix nor excess 
hydrophobic collapse dominates the early steps o f protein folding (Fersht 1995; 
Itzhaki et al. 1995; Gianni et al. 2003). Instead what limits tire process o f  protein 
folding is a random search to fomr tire m inim al number o f  specific contacts, which 
define the transition state ensemble o f  protein folding. Tlris search is accomplished by 
a trial-aird-error process, wherein partial-folded stnictures are formed and broken. If, 
by chance, the partial stmcture is part o f  tire trairsition state ensemble, the protein has 
a 50/50 chairce o f proceeding downhill towards the folded native state.
1.2.4 Folding rate, fo ld ing  mechanisms and native topology
A  key breakthrough hr protein-folding research is the discovery o f a mathematical 
relationship between the topological complexity o f a particular protein and its 
experimentally detennined average folding speed (Plaxco et a l ,  1998). Plaxco et al. 
defined the relative contact order:
N
= (E q .T l)
where N is tire total num ber of contracts, ASij is the sequence separation, in residues, 
between contacting residues i and j, and L is the total num ber o f residues in the 
protein. Since tire value o f  CO is large for a protein witlr mairy native contacts 
between far distanced residues (ASij), it quairtifies the topological complexity o f a 
protein stmcture. It was found that there is a strong correlation between the folding 
rate o f  two-state folding proteins aird tire relative contact order. This led to  the 
proposal tlrat tire folding kinetics o f a protein is detennined by its native stmcture. 
TTris view  is consistent with experiments tlrat observe tlrat, with a few exceptions.
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different proteins (i.e. proteins with different sequence structures) with the same 
native structural topology have sim ilar folding mechanisms (Aim and Baker 1999; 
Baker 2000). Tlris led to the wide use o f coarse-grain C a Go model, where an amino 
acid residue is represented by a single bead centered at tire central backbone carbon 
(Ca) o f  the residue, aird where the interaction potential is based on the native topology 
o f  the protein. A key point is that these models neglect the atomic details o f  tire native 
structures, which are not believed to play important roles in folding. In a recent 
landmark study, folding simulations o f  18 small proteins using Go-like protein models 
(Koga and Takada 2001) predict folding kinetics that are similar to those observed in 
experiments.
Tire folding-funnel picture provides a partial explanation o f  why folding mechanisms 
are dominated by native topology. In fiinnel-like theory, entropie cost, which is 
related to the complexity o f  a protein, is the m ajor contribution to the folding barrier 
(Baker 2000; Plotkin and Onuchic 2002a). Tire larger the sequence separation 
between tw o residues that are m contact in the native state, the larger the entropie cost 
for fomring tlrat contact. Tlrus, proteins o f  simple topologies with m ostly local 
interactions fomred more rapidly dr an those o f complex topologies with more 
non-local interactions (Baker 2000).
1.3 Computational simulation of protein folding by using Go model
Ab-initio conrputer-simulation models (CHARMM, AM BER, or OPES) are 
commonly used to study protein’s system (Snow et al. 2005). In these models, all 
atoms are represented. Tire “classical” force field o f tirese models accurately 
represents the atomic bonds, hydrogen bonds, dihedral conformations, electric-static 
interactions, non-bonded van der Waals interactions as well as the aqueous 
environments o f proteins. However, even witir dre most powerful parallel computers, 
it is only feasible to perfomr ab-initio protein simulations to about a few 
m icroseconds o f protein kinetics. Hence, ab-initio models are usually employed to 
study frinctional processes that occur on a time-scale o f  a few nanoseconds, or to the
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study o f  very small fast-folding proteins (Duan and Kollman 1998). For the latter 
cases, m ost simulations do not always produce folded proteins, and specialized 
techniques are usually em ployed to extract the “theoretical” folding pathways (Snow 
et al 2002; Pitera and Swope 2003).
Alternatively, we can use simplified model, such as Go model (Go 1983), which 
assumes tlrat tire folding rate and kinetics o f a protein are determined by its unique 
native structure (Takada 1999). Tlris assumption inspired the developments o f 
protein-folding models that employ Go potentials, which bias tire conformations o f 
the model proteins to tire known native stnictures o f proteins. H rough these 
knowledge-based models are not as accurate as ab-initio models, m olecular dynamics 
simulations usually are able to fold a protein a sufficient number o f times to  be able to 
extract m eaningful statistics on the folding mechanisms o f a protein.
The vast m ajority of Go models are homogeneous C a models, in w hich a residue is 
represented by a single bead and in which the pair-wise interaction energies are the 
same for all pairs. Staring from native stmcture, coarse-grained Go-like models have 
played key roles in  advancing the understanding o f how proteins fold from extended 
random coil conformations to tlieir unique native states (Vendmscolo and Paci 2003, 
Snow et al. 2005). Anotlrer important class o f C a models discriminates between 
hydrophobic H and polar P residues (Dill et al. 1993). C a Go models in one, two, and 
three dimensions are instram ental in the development o f key concepts and in the 
resolution o f issues such as the free-energy folding funnels, tire two-state 
cooperativity o f small proteins (Kaya aird Chair 2003), tire interpretation o f tire
0 -va lue (d e m e n ti et al. 2000; O zk an e ta l. 2001; Koga aird Takada 2001), aird the 
controversial diffusion-collision versus condensation-nucleation debate (Dill et al. 
1993).
However, C a Go models are limited by the lack of non-native interactions and the 
absence o f  specificity o f  airrino acid residues. To overcome the second limitation.
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m odified C a Go models have been constructed in which native contacts interact w ith 
residue-dependent potentials (Karanicolas and Brooks 2002; Onuchic and W olynes 
2004; Sutto et al. 2006). An alternative approach is to use an all-atom Go model, 
where all atoms are represented and tlie interaction potential energy is based on the 
detailed all-atom  stm cture o f dre native state, d em en ti et al. constmcted an all-atom 
Go m odel to study tire interplay airrong tertiaiy^ contacts, secondary stmcture 
fom ration aird side-chain packing (d e m e n ti et al. 2003). In their model, an 
attractive Lennard Jones (LJ) potential was assigned to all pairs o f  atoms w ith a 
native-stm cture state distance less tiran 4 Â  not participating in common bond or bond 
angle temrs. A repulsive LJ interaction was introduced to all atom pairs not 
participating in  native state (non-native atom-pair interactions). Their simulation 
results reproduced different folding mechanisms o f protein G and L, wlrich are 
proteins with different primary stmctures but identical native-state topology. 
Shakhnovich and co-workers used Monte Carlo simulations o f  their all-heavy-atom 
models to probe tire folding o f Crambin and to verify the transition state o f  
chymotryspin inhibitor 2 (Shimada and Shaklinovich 2002).
A nother class o f all-atom Go models based on discontinuous square-well interactions 
has also been constm cted (Zhou and Linhananta 2002; Lmliananta and Zhou 2002; 
Linliananta et al. 2002, 2005). In contrast to the model o f  Clementi et al., all native 
atom-atom interactions are o f equal strength, and the atomic parameters are scaled to 
van der W aals parameters. Zhou and Lmliananta used discontinuous molecular 
dynamics (DMD) to probe the folding o f an all-atom m odel o f tire second |3-hairpin 
fragm ent o f  protein G. Tliis yielded a hydrophobic collapse folding mechanism 
consistent w ith other MD simulations based on established energy force field in 
im plicit or explicit solvents. More impressively, the model predicted that tiie collapse 
is initiated by two specific hydrophobic and hydrophilic contacts, in agreement w ith a 
nuclear m agnetic resonance (NMR) experiment (W olynes 2004).
Tire positive results o f  these all-atom Go models highlight the importance of detailed
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side-chain packing and atomic-level contacts in folding mechanisms. The importance 
o f explicit side-chain representation was recently assessed by Karanicolas and Brooks, 
who found that Ising-like models o f proteins without explicit side chains can lead to 
energy landscapes tlrat differ significantly from those obtained from higher resolution 
models (Karanicolas and Brooks 2003a).
1.4 The aim of this work
As mentioned, tire main advairtage o f Go-like models is tlreir ability to fold m odel 
proteins a sufficient num ber o f  times to allow meaningful analyses o f their kinetic 
behaviors. In this thesis an all-atom Go-like model o f  the ultra fast folding m ini 
protein Trp-cage is constmcted, and multiple folding simulations will be performed. 
Tire m ajor aims include: 1) revealing its multi-folding-pathways; 2) investigating the 
folding kiiretics by tuning the relative stability o f  different stm ctural elements; 3) and 
exairriiring tire role o f non-native interactions in small protein folding process:
1) Revealing tire multi-folding-pathways. Tire stm ctural features o f the unfolded 
states and nretastable folding intermediates will be identified using the 
commonly used cluster analysis method (Shortle et al. 1998, Betancourt et al. 
2001, Zhang et al. 2004), as well as by the time-evolution o f 
reaction-coordinate parameters (Zhou aird Karpins 1999b). This will allow the 
classifications o f trajectories into different “average” pathways, and to detect 
commonly occurring early events in folding. It is noteworthy that the 
stm ctures o f proteins during tire initial stage of folding are very difficult to 
detect by experiments, and com puter simulations are often tire only way to 
link unfolded states with folded states.
2) Tuning the relative stability o f  stm ctural elements by constmcting a 
heterogenous all-atom Go model. In previous homogenous all-atom Go 
models, all atonric-pair native interactions have the same strength (Linhananta 
et al. 2005). Here, a new variable, R, is introduced to represent the relative
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stability o f specific structural elements:
R = U ÿ / B , j ° “ (Eq. 1.2)
Wliere By ^  = -1 for all atomic-pair native interactions, By = 0 for 
non-native contacts. For R >1, tire stmctural elements o f  interest w ill be 
strengthened while for R<1 tliey will be weakened. For protein Trp-cage, the 
relative stability o f  a-helix, hydrophobic-core, salt-bridge and Trp6-Prol2 
interactions will be systematically tuned. Tliese simulation results will reveal 
the effects o f  the coupling between secondary and tertiary stnictures on 
protein folding kinetics. Tliese effects are usually studied by experimentalists 
using point-niutation and vaiying the solvent environments (Nerweiler et al. 
2005). To our knowledge, this is the first computational study o f these effects 
on tlie  Trp-cage.
3) TTie role o f non-native interactions in protein folding processes. Go models 
are often criticized because tlieir interaction potentials do not include 
non-native interactions. Unlike native interactions which bias proteins to their 
folded stmctures, non-native interactions can lead to misfolded protein 
confonnations. Different non-native interactions potentials, which include 
homogenous repulsive, attractive non-native potential and knowledge-based 
(specific) non-native interactions, are used to detect the effect o f these 
interactions on folding rate and tire stability o f native states, transition state 
ensemble and unfolded states.
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Chapter 2
All atom Go model o f  Trp-cage, Discontinuous Molecular Dynamics 
Algorithms, and Thermodynamics Quantities
2.1 Trp-cage protein
D ie Trp-cage (Tc5b) protein with the amino acid sequence (i.e. its prim ary structure) 
NLYIQW LKDG GPSSGRPPPS was first synthesized by Anderson group (Neidigh et 
al. 2002). Its pm nary stm cture is based on the naturally occum ng EX4 protein, whose 
stmcture is stabilized mainly by a hydrophobic core. By selective mutations (i.e. 
amino acid sequence alterations) o f EX4, the hydrophobic core was strengthened and 
the helical tail shortened. D ie result is the Trp-cage, which at 20 residue long is one o f  
the smallest proteins that can fold to stable unique native stnictures in vivo or in vitro. 
D ie hallmark o f  this protein is the hydrophobic core, with tlie residue Trp6 at the 
center o f the cage foniied by 4 proline-residues (Pro 12, 17, 18, 19). The secondary 
stmcture o f  Trp-cage protein consists o f a short a-helix  from residue 2 through 8, a 
3 1 0 -helix from residue 11 through 14, and a C-terminal polyproliiie (PPll) helix that 
packs against tlie central tryptophan (Trp6). In addition a salt-bridge between A sp9 
and A rg l6  is an im portant stabilizing factor o f  tlie folded state. A  tem perature jum p 
(T-junip) expem nent by Qiu et al. has detennined tlie Trp-cage’s folding time to be 4
l-is (Qiu et al. 2002), making it one o f tlie fastest folding proteins. N uclear magnetic 
resonance (NMR) and circular dicliorism (CD) suggests that it fold by a two-state 
folding mechanism, where only stable folded or unfolded states are detectable. 
(Neidigh et al. 2002). However, recently, experimental results o f  UV-resonance 
Raman spectroscopy (Ahmed et al. 2005) and fluorescence conelation spectroscopy 
(ECS) (Neuweiler et al. 2005) observed residual helical stnictures in the denatured 
state, as well as metastable intennediate states during the folding process.
D ie small size and ultra fast folding speed (4|.is) o f tlie Trp-cage protein makes it an 
ideal model for folding simulations, and to date there has been num erous studies using
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ab-intio and simplified m odels (Slimmerling et al. 2002; Snow et al. 2002; Zhou R. 
2003; Nikiforovich et al. 2003; Pitera et al. 2003; Chowdhury et al. 2003 & 2004; 
Linliananta et al. 2005). To achieve the aims (as stated in chapter 1) o f this thesis we 
will constm ct all-atom discontinuous molecular dynamics (DMD) models o f  the 
Trp-cage.
2.2 All atom Go model of Trp-cage
2.2.1 All-atomic representation
D ie general setup o f the all-atom Go model can be found m  m any papers (Linhananta 
and Zhou 2002; Zhou and Linhananta 2002; and Linliananta et al. 2002). The initial 
heavy-atom positions o f Trp-cage were obtained from NM R structures (Stm cture 1 o f 
PDB ID 1L2Y). D ie NH2 terminus (Asn-1) and N-inethyl COOH term inus (Ser-20) 
were capped with acetyle and amine groups, respectively. D ie initial positions o f 
polar hydrogen were generated by CHARMM , and the stmcture was m inim ized for 
100 steps, with fixed heavy-atom positions, by the steepest descend m ethod using 
polar hydrogen parameter set 19 with distance-dependent dielectric constant. The total 
num ber o f atom is 189.
2.2.2 Hard sphere potential (discontinuous model)
All heavy atoms and polar hydrogens are represented by hard spheres. Two bonded 
atoms i and /, as well as any 1, 3 angle-constrained pair and 1, 4 aromatic carbon pair, 
are constrained to a center-to-center distance between 0. 9oÿ and 1.1 Oÿ, where Oÿ is the 
separation o f  the i, ]  pair in the CHARMM (Brooks et al. 1983) minimized stmcture. 
D iis constraint is accomplished by an infinitely deep square-well potential
bond
Uij
00, r < 0.9o:y
0,0.9o) < r  < l.lo ;, Eq. (2.1)
CO, r  > 1.1er,
As in  previous works (Linhananta and Zhou 2002; Zhou and Linhananta 2002;
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Linliananta et al. 2002, 2005) a bond flexibility param eter o f  0.1 is used. It has been 
shown in a previous study tliat tire vanation o f this param eter does not affect the 
folding m echanism  (Zhou and Karpins 1999a). The model also includes a 
discontinuous improper dihedral potential (Brooks et al. 1983) to maintain chirality 
about tetraliedral heavy atoms and certain planar atoms. Tire potential has the form
> 0 0  +  2 0 °
=.{0 , 0 0  -  20° < 0  < 0 0 + 20° (Eq. 2.2)
K \0  > 0 , - 2 0 °
A  20° airgle flexibility is used to decrease the folding time o f  the protein. It has been 
shown previously (Linhananta and Zhou 2002) that a sm aller flexibility value 
increases the folding time, but does not affect the folding mechanism. The im proper 
angles v are obtained from CHARM M  potential set 19 . In Equation c ù o = 35 .26439° for 
chiral-constrained atoms such as a carbon w ithout explicit hydrogen and cûo=0° for 
planar-constrained atoms (such as a carbonyl carbon). The im proper dihedral 
potentials Uq'"''”” preserve tire i-fo n rr chirality o f amino acids and m imic some o f  the 
rigidity o f peptide units. It was introduced to eliminate “unphysical” local m isfold 
confomrations in our all-atom model o f BpA (Linhananta and Zhou 2002) ,  which can 




0 ,r> 1 .2 c r/ '^ '^
where Oi,'''''"'' are tire van der W aals dianreters from tire CHARM M  polar hydrogen 
parameter set 19 aird Bij  are tire interaction strengths. Tire factor o f 0.8 for hard-core 
diairreters is typical for ratio between the diairreter o f a hardsphere reference system 
and the van der Waals diameter found in the W eeks-Chairdler-Anderson perturbation
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theory (Weeks et al. 1971), while a ratio o f 1.5 between tire square-well aird hard-core 
dianreters is typical for systems o f small molecules (Sherwood and Prausnitz 1964).
2.2.3 Homogenous Go potential o f  protein Trp-cage
rp -6  ojjji
■ 3 - ! G  h d r
tf, -
' i f i  / s p - 9 l  A r g -IS
#  *
Trp>6 e o r ^ a c ts  • *
.:p-
i *




FIG. 2.1. (a) R ibbon  represen tation  o f  the  global m in im um  structure o f  an  all-atom  o ff-lattice  m odel o f  
fragm ent B  o f  th e  Trp-cage. R esidues Tyr-3, T rp-6, A sp-9 , A rg-16, P ro-17 , P ro-18, and Pro-19 are 
show n m atom ic details. T he follow ing features are labeled: ahelix, residue T rp-6 , th e  A sp-9-A rg-16 salt 
bridge, and the  310 helix. D raw n using m olscrip t (K raulis 1991) (b) T he native  residue-residue  contact 
m ap o f  the m odel Trp-cage. T he native tertiary contacts and native secondary structure hydrogen  bonds 
are above and b e low  the diagonal, respectively. A  residue-residue pair is in  con tact i f  there  is at least one 
square-w ell atom ic con tact betw een them . (A dopted  from  R eference L inhananta  e t a l.2005)
Initial hard-core overlaps in tire CHARM M  minimized structure are rem oved by a short 
DMD simulation, where the square-well interaction in Eq. 2.3 is set to large negative 
values ,-IOOe. H ie deep square wells preserve N M R native contacts as overlapping 
contacts are removed. Tire initial hard-core diameters between any two overlapping 
atoms are set to their separation distances in tlie energy m inim ized structure. H ie 
hard-core diameters are adjusted at each time step until the trae hard-core diameters are 
reached and the simulation is continued until all overlaps are removed. H ie  resulting 
stmcture, shown in Fig. 2.1(a), has a root-mean-square deviation (RM SD) from die 
N M R  stmcture o f  0 .65 A, and is the global minimum stmcture o f the Trp-cage model.
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Tlie main features o f the Trp-cage are the short a-helix in residues 2 -8 , tlie 3io helix in 
residues 11-14, and the Tyr-3 and three C-tenninal prolines sresidues (17-19) drat pack 
against the central tryptophan, Trp-6. Also visible in Fig. 2.1(a) is the salt bridge 
between residues Asp-9 and Arg-16. In all there are 1267 native square-well atom-atom 
contacts, which include both side-chain and backbone contacts. Figure 1(b) shows the 
native state contact map that highlights the m ain structural features. Tertiary contacts 
between residue pairs (defined for i , j  residue pair w ith />  i+4) and the Tyr-3-Trp-6 
contact are drawn above die diagonal, while hydrogen bond contacts are drawn below 
the diagonal. H ie a-helix  is stabilized by hydrogen bonds betw een residue pairs Leu-2 
and Tyr-6 sH ld , Tyr-3 and Leu-7 (H2), and Ile-4 and Lys-8 (H3). A n a-helix  
(3 1 0 -helix) hydrogen bond is defined, as in previous studies (Liidiananta and Zhou 
2002; Zhou and Linhananta 2002), by the cutoff distance o f 2.88 A  between a 
main-chain carbonyl oxygen o f residue i and anamide hydrogen o f residue i+4. This 
definition does not mclnde the orientational constraint used in some all-atom MD 
studies (Gsponer and Caflish 2001; Tsai et al. 1999). H ie orientational constraint of 
hydrogen bonds is difficult to implement in discontinuous models (Smith and Hall
2001), and its use has been shown to significantly compromise the efficiency o f DMD 
simulations (result not shown). H iis model, ju s t like previous all-atom Go models 
(Linhananta and Zhou 2002; Zhou and Linhananta 2002; Linhananta et al. 2002), does 
not include hydrogen bond orientations, but instead, is focused on the roles of 
side-chain packing and detailed atomic contacts. However, overlaps between amide 
hydrogens and carbonyl oxygens are still valid indicators o f  secondary structure 
formation, since such contacts would not be possible without secondary stmctures. This 
point will be illustrated explicitly in later sections.
A  Go potential is employed to bias the energy o f tlie model protein to  the global 
minimum structure in Figure 2.1. Atomic i, j  pairs with square-well overlaps in the 
gloal miiiiinum stmcture are designated as native contacts. For these native pairs, a 
square-well overlap between two atoms results in an interaction energy All
otlier pairs are designated as non-native, and tlie overlap energies are set to zero Bi]=Q
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
20
in Chapter 3 and Chapter 4. Tliis differs from many C a and all-atom Go models 
(Shimada et al. 2001; Karanicolas and Brooks III 2002 and 2003; Clementi et al. 2000, 
2001, and 2003), in which non-native interactions are repulsive. The choice no t to 
include repulsive non-native interactions is consistent w ith recent studies that 
concluded that non-native interactions can be attractive and m ay assist the folding 
process (Plotkin 2001; P a d  et al. 2002; Clementi 2004). But, in Chapter 5, different 
kinds o f non-native potential will be introduced the all-atom Go model o f  Trp-cage.
2.3 Discontinuous Molecular Dynamics Algorithms
Molecular dynamics simulation algorithms for chains interacting witli discontinuous 
potentials such as hard-sphere and square-well potentials are different from those for 
chains interacting witli soft potentials such as LJ interactions. Unlike soft potentials, 
discontinuous potentials only exert forces w hen particles collide. The binary collision 
dynamics for discontinnous potentials can be solved exactly. Urns, the DMD 
algorithm (Alder and W ainwright 1959; Rapaport 1980) involves searching for the 
next collision time and collision pair, moving all beads for the duration o f the 
collision time, and then calcnlating the velocity changes o f tire colliding pair.
Molecular dynamics simulations are often perfom ied in a micro-canonical ensemble, 
that is, an ensemble containing a constant num ber o f particles, constant total energy, 
and constant volume. Tire details o f the use o f the DMD algorithm for the case o f  a 
square-well chain in a m icro-canonical ensemble can be found in  a book written about 
“Computer Simulation o f Liquids” (Allen and Tildesley 1987). In a constant energy 
ensemble, however, a short isolated chain is not an argotic system at low energies 
because the chain can be trapped pemranently in  a low-energy configuration i f  its 
kinetic energy is not high enough to overcome tire energy barrier. This problem m ay 
be remedied by  placing the isolated chain in a constant-tenrperature bath. Tire 
collision between the batlr particles and tire chain can help tire chain to get out o f  low 
energy traps. For tins reason, we simulate tire isolated square-well chain in a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
21
“ canonical”  ensemble, tliat is, an ensemble witli constant num ber o f  particles, N, and 
constant tem perature, T; for an isolated protein molecule, tliere is no volume 
constraint.
Current constant-temperature MD teclmiques include velocity-scaling, stochastic 
collision m ethods, constraint methods, extended system metliods. Tire Anderson 
stochastic collision method (Anderson 1980) is best suited for the present case. In tlie 
Anderson m ethod, an isolated chain is immersed in a constant tem perature bath o f 
imaginary ghost particles, a system that can be easily handled by DM D techniques 
(Zhou et al. 1997; Zhou and karplns 1999).
Tlie basic idea o f  tlie Anderson method is that particles experience random  collisions 
with imaginary heat-bath particles ghost particles, which do not appear explicitly in 
sininlations. Tlie Anderson metliod can be incorporated into DMD techniques by 
introducing a n e w  type o f collision—the “ bead-ghost”  collision— in addition to core, 
bond, and square-well collisions. Tlie “ collision free”  time for a particle satisfies an 
exponential distribution. H ius, the time at which a “ bead-ghost”  collision occurs is 
calculated from  an exponential-distribution-random-nuniber generator, is the time 
since the previous ghost or real collision and n is the m ean bead-ghost collision rate. 
M ost bead-ghost collisions occur at t, 1/ n. Assuming that the ghost heat-bath particles 
are hard-spheres w hich have tlie same size and mass as the polym er bead, we can 
calculate the m ean collision rate n  witli a given bead from tlie kinetic theory o f gases.
2.4 Thermodynamics Quantities
All quantities are reported in term s o f reduced units unless specified otherwise. The 
equations for reduced energy, temperature, and time, are E* = E/s, T*= ksT/s, and t* 
= t  * ((e/M ctl̂ )”'^), respectively (Linhananta et al. 2005). Tliese reduced fomiulas are 
the same as those used for Lemiard-Jones systems (Allen and Tildesley 1987), where 
all units can be determined in tenus o f basic units o f  mass, energy and lengtli. Given
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these values for the parameters, each reduced time unit t* corresponds approximately 
to 1 ps, so that a folding sim ulation that lasts t* = 10^ is formally equivalent to  a 
simulation o f  1 ms m "physical" time. However, since the collapse process is 
significantly faster (by a factor o f  10^ to  10^), Üian tlrat observed experimentally 
(Hagen et ah, 1996). Due to tlie simplicity o f  the model, a more meaningful 
conversion factor is t* close to 1 ns; in tliis case, t* = 10®, would correspond to 1 ms, a 
very reasonable scale for the folding time.
Tlie heat capacity, C, is deteniiined by the standard statistical mechanics formula
and the scaled heat capacity C*, is defined by die fomiula
where < > denotes tlie confomiational average. E and E* denotes the internal energy 
and reduced internal energy, respectively, kg is the Boltzmann constant. T  and T* are 
tem perature and reduced temperature, respectively. In tliis work, equilibrium 
simulations are perfonned from T*=1.0 to T*=6.0 in steps o f  AT*=0.2. Each o f  these 
simulations is started from the global minimum stmcture (Fig. 2.1), equilibrated for a 
reduced time o f  20 000 and continued for 100 000 reduced time steps, during w hich data 
are recorded every 100 steps. A t each temperature, five independent mns w ith different 
random  initial velocities are perfom ied to estimate errors.
Tlie partition fimction Z can also be obtained v ia DMD simulations. Since square-well 
chain models have discrete energy levels, the partition function Z can be expressed as 
sum over all energy levels as follows (Pathria 1996, p55)
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Z =  ^  gke-P^ (Eq.2.6)
k
where Ex and gk are tlie energy and degeneracy factor for the energy level k, 
respectively. Tlie degeneracy factor gk is tlie sum o f contributions from the various 
configurations that have the same energy. Tlie contribution o f  each configuration 
depends on tlie volum e o f configurational space in which the chain is free to move 
w ithout changing its energy. Tlie partition fimction Z can be calculated for any 
tem perature i f  tlie tem perature-independent degeneracy factors gk are known. I f  all 
energy levels have statistically significant populations at one tem perature, it is 
possible to  extract gk from the probability distribution in simulation m ns at that 
temperature (Ferrenberg and Swendsen 1989). H ie details can be found in the 
Appendix o f Zhou et al. paper (Zhou et al. 1997). Once tlie partition function is 
known, therm odynamic quantities can be calculated from the relations (Pathria 1996, 
p53-54);
A* =  -T* In Z (Eq. 2.7)
E* = (T*)^ a  In Z/ cT* (Eq. 2.8)
C \  = as* / aT* (Eq. 2.9)
W liere A* is tlie reduced Helm holtz free energy.
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Chapter 3 
Exploring Multiple Folding Pathways of the Trp-cage with a 
Homogenous All-Atom Go Model Using the Cluster Analysis Method
Abstract:
R ecently , experim entalists have focused on engineering ultra-fast folding proteins whose 
folding speeds approach the “speed lim it”, w here folding from  the random  coil to the 
native state proceeds w ithout having to overcom e an “entropie barrier”. The dow nhill 
folding pathway is distinguished by the absence o f a free-energy folding barrier, as w ell 
as a very high folding rate com pare to the other pathways. In this w ork, we studied 
fold ing process o f  the ultra-fast folding Trp-Cage m ini-protein by using hom ogenous a ll­
atom  Go potentials. By classifying 100 long-tim e m olecular sim ulations w ith the cluster 
analysis method, we observed three different folding m echanisms: downhill (12% ), 
diffusion-colhsion (80% ) and hydrophobic collapse (8%). The observation o f  a downhill 
folding pathway partly explains the ultra-fast folding speed o f the Trp-cage.
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3.1 Introduction
It is well know n that in vitro and in vivo proteins readily fold from  an unfolded (random  
coil) state to their unique native states. In  the random  coil state, a  protein assumes an  
extended state w here it strongly fluctuates am ong the large num ber o f available 
conform ations. In the native state, a protein assum es a com pact structure that fluctuates 
weakly. The elucidation o f how  proteins fold has been the topic o f intense research for 
the past three decades. M ost o f these works focused on small proteins, w hich are believe 
to fold by a tw o-state m echanism , in  w hich the tw o stable states are the random  coil and 
native states. To fold to its native state a protein m ust surm ount an entropie b an ie r know n 
as the transition state. This is a bottleneck ensem ble o f conform ations that all folding 
pathw ays m ust pass through to reach the native state ensemble.
The assum ption o f tw o-state m echanism  is often used m  experim ental studies o f protein 
folding. In  such experim ents, sm gle-site m utations in  w hich a single am ino acid residue 
o f the  original prim ary structure o f a protein (w ild type) is substituted by a  different 
am ino acid to create a m utant amino acid sequence. For example, consider a  hypothetical 
w ild type protein sequence RKDE, where the four am m o acid residues are A rginine (R), 
Lysine (K), A spartic Acid (D), and Glutam ic acid (G). The m utant sequence RKW E can 
be created  by changing the third residue from  D to W  (Tryptophan). By observing how  
single-site m utations affect the stability, and the folding and unfolding rate o f  the protein, 
it is possible to determ ine the so-called 0 -v a lu es  o f each ammo acid residue o f the 
protein. The 0 -v a lu es  quantify the am ount o f native structures form ed in the transition 
state (Fersht 1999). The determ ination o f 0 -v a lu es, from  such protein  m utations 
experim ents, assum es that proteins fold by a tw o-state mechanism. This is a contentious 
issue since it is usually not possible to experim entally observe the actual folding 
pathw ays. In  addition, com puter sim ulation studies often predict “uncooperative” 
behaviour where m etastable interm ediate states are observed in  addition to  the random  
coil and native states. H ence com puter sim ulations is a valuable tool in  linking the 
pathw ays proteins take from  the random  coil to the transition state, and in  assessing the 
validity o f  the m ethod o f 0 -v a lu e  analysis (Snow et al. 2005).
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One o f  the m am  challenges m com puter sim ulation research on protein folding is the 
extraction o f useful inform ation from  the large am ount o f datum. In a typical study 
hundreds o f sim ulations, under different therm odynam ic conditions, are perform ed. 
V arious m ethods have been used to determ ine the average dom inant folding pathw ays o f  
the proteins. In the reaction-coordinate m ethod the tim e variation o f reaction coordinates 
are used to determ ine the folding pathways (Caflisch 2005). Usually, these reaction 
coordinates quantify the am ount o f native stm cture. Exam ples are the radius o f  gyration 
and the root-m ean-squares deviation (RM SD). In the cluster analysis m ethod protein  
structural data recorded during sim ulations are grouped into clusters based on stm ctural 
sim ilarity, which is determ ined by com paring the energy and/or R M SD  of the structures. 
This enables the detection o f folding interm ediates, which are m etastable stm ctures 
w hose native contents are interm ediate betw een the unfolded random  coil structures and 
the fo lded native structures. C lustering techniques have been previously used in  the 
analysis o f conform ational data, particularly in identifying recurring conform ations in  
folded protein structures (native states), obtained from  experim ental and com putational 
results. H owever, it also has been used to identify folding interm ediates in  the folding 
processes (Duan and K ollm an 1998; Chowdhury et al. 2003; Chowdhury et al. 2004).
This chapter describes com puter sim ulations results o f  the hom ogeneous all-atom  Go 
m odel o f the Trp-cage. Frequently occurring unfolded states and m etastable interm ediate 
states are identified by cluster analysis based on pairw ise root-m ean-squared distance 
(pRM SD ) (Shortle et al. 1998; B etancourt et al. 2001; Zhang et al. 2004). T hree 
“average” folding pathw ays are observed, including the elusive downhill folding pathw ay 
in  w hich a protein folds “dow nhill” from  its unfolded random  coil state to its native state, 
w ithout having to  cross an entropie barrier.
3.2 Method
3.2.1 Sim ulation Detail
One hundred 120000-reduced-tim e-step folding discontinuous m olecular dynam ics 
(DM D) sim ulations w ere perform ed at T* = 3.0 for Trp-cage starting from  100 different 
initial random -coil conform ations, w hich were produced by a short DM D sim ulation at
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high tem perature T*=5.0, where the protein is unfolded. In a previous study it was show n 
that the  transition tem perature, at which the random  coil and native state are equally 
stable, is T*=4.0 for hom ogenous all-atom  Go m odel o f  Trp-cage (L inhananta et al. 
2005). In that work, it was estim ated that 100 reduced tim e unit scales to ~  20 ns to 70 ns.
3.2.2 R oot M ean Square Deviation (RMSD)
The quantity Root M ean Square Deviation (RM SD ) is often used to com pare the suctural 
sim ilarity between tw o conform ations o f  m olecule (protein). Consider tw o sets o f  
m olecular conform ations V and W. Let v; and w; be the coordinates o f the i^' atom  of the 
m olecule in  the V and W  conform ations, respectively. H ere i =  1, 2, . . . ,  N , where N  is the 
num ber o f  atoms in  the m olecule. The RM SD is defined as follows:
1 A
4- 4-
where m  this work the RM SD value is in A ngstrom  (A), 1 A is equal to  10~̂ *’m. The 
standard m ethod is to superim pose the two conform ations being com pared so that the 
value o f  RM SD is m inim ized. In protein folding analysis, unfolded protein conform ations 
are usually com pared to the known ground state structure, w hich in  this work corresponds 
to the low est energy structure o f  the all-atom  Go model. In this thesis, an RM SD  value 
betw een a conform ation and ground state structure o f T rp-cage less than 1.6 A indicates a 
folded protein in  the native state; RM SD value betw een 3.5A  and S.OA indicates an 
interm ediate structure with a m oderate am ount o f native content; w hile RM SD  larger 
than 8 A indicates an unfolded random -coil structure with little native content.
In this thesis, RM SD denotes the m am -chain RM SD (side chain atoms are n o t included m  
the calculation) o f  a T rp-cage conform ation from  sim ulation data com pare to the Trp- 
cage ground state (low est energy N M R  stm cture) structure. pR M SD  denotes the m ain- 
chain RM SD betw een any two conform ations obtain from  sim ulation data.
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3.2.3 Structural Cluster Analysis
All folding sim ulation data are analyzed by the follow ing method:
a) Begin by calculating the m ain-chain RM SD (with respect to the ground state 
N M R structure) o f  all recorded conform ations. Select the  region o f  interest by 
setting the low er lim it RM DS = Rmm and upper lim it RM SD =  R^ax T he 
conformations o f  interest include all Trp-cage conform ations w ithin the  range 
Rmm < RM SD < Rmax Only these conform ations, referred to as the ensem ble o f  
conform ations, are analyzed by cluster analysis.
b) Set up the threshold value R^ut to classify structural similarity. Tw o T rp-cage 
conformations w ith pRM SD < R^ut are considered to be sim ilar in  structure.
c) The m am -chain pRM SD is calculated for each pair o f  structures in  the ensem ble 
o f conformations. Then gives a m atrix pR M SD (i,j) (i^j) (i and j varying from  1 to  
the total num ber o f conform ations in  the ensem ble o f conform ations).
d) For a given conform ation, say the i^'\ count the total num ber o f  j conform ations 
with pR M SD (i“\ j )  < Rcut. The conform ation w ith the greatest num ber o f  pR M SD  
< Rcut pairs, say ii, is the center o f the first cluster. T he first cluster includes i,, 
and all conform ation j for w hich pR M SD (ii,j) < Rcut
e) Remove the conform ations belonging to the first cluster from  the ensem ble o f  
conformations. R epeat step d) to calculate the second cluster.
f) Repeat to determ ine higher order clusters (third, fou rth ,....).
The first cluster includes the m ost frequently occurring sim ilar conform ations and, using 
the basic principles o f  statistical m echanics, is the m ost stable interm ediate state. It 
follow s that the second cluster is the second m ost stable interm ediate state and so on. In 
this work, we set the param eters for structural cluster analysis as: Rmin=3.5Â and 
Rmax=8 0A. The reason  is show n in Fig. 3 . 1, w hich plots the free-energy functional vs. 
RM SD  o f the 100 folding sim ulations at T* = 3 .0 , where the transition state (TS) is 
located at RM SD ~ 3 .2A, and where conform ations with RM SD > S.OA have h igh  free 
energy and are unstable. Hence stable interm ediate states are m ost likely to  include
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conform ations w ithin the range 3.5À < RM SD < 8.0Â. This w ork uses Rout=2.5Â, w hich 
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F ig u re  3.1. Free energy  p ro file  o f  hom o g en o u s Go m odel o f  T rp-cage 100 fo ld in g  s im u la tio n s a tT * = 3 .0 . In  
th e  fig u re , N  denotes th e  n a tiv e  sta te  and T S th e  tran s itio n  state.
3.2.4 The m ethod o f  reaction coordinates
In com puter-sim ulation studies o f protein folding reaction coordinates are often used to 
m onitor the progress o f  folding. The m ost commonly used coordinates are the m ain-chain 
RM SD  (see 3.2.2) and the fraction o f native contact (Q) (Celm enti et al. 2000, 2002, and 
2003; Z hou 2003). T he RM SD m onitors the overall folding w hile Q m onitors the 
form ation o f tertiary contacts. This w ork employs RM SD and Q. The secondary structure 
form ations are m onitored by calculating the hydrogen bond probabilities o f the a -h e lix  
and 3 1 0  helix as folding progresses along the reaction coordinates.
The quantities are defined as follow. The total nonlocal native contact, Mnat is defined as 
Mnat=(l/2)^Mi nat (Eq. 3.1)
where Mi.nat is the number of nonlocal atomic contacts of the residue with all other 
residues when the Trp-cage is in the lowest-energy N M R  state. A  nonlocal contact is
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defined as a square-well overlap betw een two atoms, belonging to residue i and j, 
respectively, such that |; -  ;j > 4 . W e define the fraction o f native contact o f  residue i as
Qi=mi/Mi.nat, (Eq.3.2)
where mi is the nonlocal native contact number for the residue in the conformation of 
interest. For a given conformation, Q% quantifies the native content of the residue with
Q i = 0 (Q i = 1) denoting that the residue is completely unfolded (folded). Finally the 
total fraction of native contact is defined as
Q=X|mi/Mnat. (Eq.3.3)
It is clear that Q quantifies the native content o f  the whole protein w ith Q=0 (Q = l) 
denoting that the T rp-cage is com pletely unfolded (folded).
As m entioned m  chapter 2 (see Fig. 2 . 1 ) the key structural elem ents are the a -h e lix  from  
residue 2 through 8 , the hydrophobic core centered about the T rp 6  residue, the  salt-bridge 
betw een residues Asp9 and A rg l 6 , and the 3io-helix from  residue 11 through  14. T he 
follow ing variables are used to  m onitor the native content o f  these key structural 
elements. Qheiix is the fraction o f three hydrogen bonds (Leu2-Trp6, Tyr3-Leu7 and IIe4- 
L ys 8 ) that stabilized the a-helix . Qhyd is the fraction o f nonlocal native contacts in  the 
hydrophobic-core (Tyr3, T rp 6 , Leu7, Pro 12, 17, 18 and 19). Q,b is the fraction o f native 
contacts between the salt-bridge stabilizing residues Asp9 and A rg 16. Q 3 1 0  is the
fraction o f the 3 1 0 -helix hydrogen bond formation.
3.2.5 Transition states ensemble (TSE)
As m entioned earlier, the  transition state ensemble (TSE) is a bottleneck ensem ble that all 
folding pathways m ust pass th rough to reach the native state. It is associated w ith the 
m ain entropie barrier th a t divides the random  coil and native states. For an appropriately 
chosen reaction coordinate a free energy functional profile along the coordinate w ould 
show a prom inent m axim um  corresponding to the TSE. This is illustrated  in  Fig. 3.1, 
where the TSE m axim um  is located at RM SD ~ 3.2Â. Many researchers em ployed Q as 
the reaction  coordinate to locate the TSE m axim um  from  equilibrium  sim ulation data 
(Clem enti et al. 2000). However, it has been shown that the location o f  T SE  determ ined
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in  this way depends on the choice o f  reaction coordinates (O zkan et al. 2001). A  m ore 
unam biguous m ethod for determ ining the TSE is to define the transition state ensem ble 
as the conform ations from  where a protein has equal chances o f  folding to  the native state 
or unfolding to the random  coil state (D u et al. 1998). In this w ork, to  locate the TSE, 200 
conform ations with the reaction coordinates (Q~0.4-0.55, R M S D -2 .8-3.5) w ere selected 
from  the folding sim ulation data. T hese conform ations are deem ed to be good candidates 
for transition state ensemble. To identify the TSE conform ations am ong these candidates, 
40 short sim ulations, o f  duration t*=2000, staring from  each o f  the candidate stm ctures. 
Conform ations that fold to  the native state 16-24 tim es (probability = 0.4-0.6) are 
identified as transition-state conform ations. 31 transition states are identified. S im ulations 
o f som e of the  candidate structures for t*=4000 give sim ilar results, illustrating that the  
results are no t sensitive to the duration o f the sim ulations. S im ilar m ethods have been 
previously em ployed by the other researchers (D u et al. 1998; D ing et al. 2002). Typical 
transition state structures o f the Trp-cage at T*=3.0 are shown in F igure 3.9A  and 3.9B.
3.2.6 M ean First Passage Time t and Folding rate, k
In this w ork a protein is considered to have folded to its native state i f  its m ain-chain 
RM SD is less than 1.6 Â. The first passage tim e (FTP) is defined as the tim e it takes for a 
protein to  fold starting from  an initial unfolded conform ation. The M ean First Passage 
Tim e (M FPT), denoted by t ,  is simply the average o f the FTP, w hich m  this chapter is 
simply the average FTP o f  the 100 Trp-cage sim ulations at T*=3.0. In this w ork we shall 
use the term  average folding time and M FPT interchangeably. Finally, the folding rate is 
defined as k  =  l /r .
3.3 Results
3.3.1 Classifying the trajectories
Previous com putational works on Trp-cage reported the observation o f  m ultiple folding 
pathways;
a) D iffusion collision, partial a-helical structure form ed first (Chowdhury et al.
2004);
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b) H ydrophobic collapse, hydrophobic-core form ed first (Zhou 2003);
c) U ltra-fast folding, a -h e lix  and hydrophobic-core form ed cooperatively.
(Chowdhury et al. 2004).
For the diffusion-collision pathw ay, it is expected the a-helix forms first. H ence a cluster 
analysis o f the data should reveal that the m ost populated cluster (first cluster) com posed 
o f  structures w ith well form ed a-helix. In contrast, for the hydrophobic collapse pathw ays, 
the hydrophobic-core form s before the a-helix, and the  first cluster is expected to  have 
little a-helical content. In the diffusion collision and hydrophobic collapse m echanism s, 
there is an entropie barrier that m ust be crossed before folding to  the native state. To 
cross the barrier the protein m ust locate the transition state. This is often referred to  as the  
rate-lim iting step. In contrast, for ultra-fast downhill pathway, the  entropie barrier does 
no t have to be surm ounted, and the protein proceeds “dow nhill” tow ard the native state. 
H ere no interm ediate states exist and cluster analysis should not detect any cluster.
From  a total o f 100 runs for hom ogenous Trp-cage model, all 100 trajectories reach the 
native state (RM SD < 1.6Â). C luster analysis o f  all 100 runs shows that sim ulations can 
be classified into three m echanisms: (I) diffusion collision (79 runs), M FPT » 16000steps; 
(II) hydrophobic collapse (9 runs), M FPT » 27800steps; (III) dow nhill (12) M FPT» 
5900steps. The average folding tim e o f proteins that fold by the diffusion collision 
m echanism  (t=16000) is significantly low er than the hydrophobic collapse pathw ays 
(x=27800), which agree w ith a previous study (Linhananta et al. 2005). The ultra-fast 
folding pathway has very a low  average folding tim e (x=5900) com pare to the other 
pathw ays, reflecting the “dow nhill” nature o f  this pathway. Sim ilar results were reported 
by D uan group (Chowdhury et al. 2004), w hich found 3-15%  o f all trajectories follow ed 
the fast folding pathway (25 to  60 ns).
To verify the above results, we also classify the pathw ays by checking the tim e-evolution 
of a -h e lix  and hydrophobic-core form ation for individual trajectory. This m ethod has 
been used by other groups (Zhou and Karplus 1999a and 1999b). F igure 3.2 is a typical 
trajectory in  which the protein folds by the diffusion collision folding pathways. The
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average fraction  o f  native contacts in a -h e lix  rises qu ick ly  to  80%  w ith in  the first 1000 
tim e steps. This is fo llow ed  by a  long  random  search  to  form  the hydrophobic-core 
contacts necessary  to  reach  the tran sitio n  state. N otew orthy  is the d ecrease  in a -h e lix  
content th a t occurs p rio r to  sign ifican t hydrophob ic  core form ation. T he typical trajecto ry  
sorted in to  the hydrophobic co llapse fo ld ing  p athw ay  is show n in F igu re  3.3. H ere, the 
hydrophobic-core form s befo re  the a -h e lix . A n in teresting  feature is the  large decrease in 
the hydrophobic core con ten t before the appearance o f  significant a -h e lic a l structures.
Figure 3 .2 . A  fo ld ing  trajectory o f  T rp-cage at T * = 3 .0  in d iffu sion  co llision  m echanism . Fraction o f  native  
content vs. tim e.
F igure 3.3 . A  fo ld in g  trajectory o f  T rp-cage at T * = 3 .0  in hydrophob ic co llapse m ech anism . Fraction o f  
native content v s. tim e.
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F igure  3.4. P ro b ab ility  d is trib u tio n  as a  fu n c tio n  o f  R M S D  and  th e  frac tio n  o f  n o n lo ca l con tac ts  Q. (a) 100 
sim ula tions at t^ - 3 .0  o f  h o m o g en o u s G o m o d e l o f  T rp-cage. T he v ic in itie s  o f  the  n a tiv e  N  state , 
in te rm ed iate  I state , and tlie  ran d o m  co il C sta te  a re  indicated . R e g io n s  w h ere  c o n to u r lines are c losely  
spaced  in d ica te  steep  ch an g es in  the  p ro b ab ility  d istribution . T h e  v e ry  dark  re g io n  co rresp o n d s to  sharp  
p eak  ab o u t the  n a tive  state; (b ) 79  o u t o f  100 sim ula tions by  d iffu sio n -co llis io n  pa th w ay s; (c) 9 o u t o f  100 
runs by  h y d ro p h o b ic-co llap se  p a th w ay s; (d) 12 ou t o f  100 tra jec to ries  b y  dow nliill fo ld in g  pathw ays.
Figure 3.4 shows contour m aps for Trp-cage folding sim ulation at T*=3.0. Regions 
where the  lines are closely spaced indicate high occupation probability. F igure 3.4(a) is 
the contour m ap for all trajectories and shows two m am  regions o f h igh  occupation 
probability; one associated w ith the unfolded random  coil state (C), the other w ith the 
folded native state (N). A lso evident is a m etastable interm ediate state region (I), w hich is 
sim ilar to the interm ediate state observed by Zhou using an ab-initio m odel (Zhou 2003). 
In that work, the interm ediate state is hypothesized as a key com ponent in  the folding 
m echanism . Figure 3.4(b) shows the contour map o f  all trajectories that fold by the 
dom inant diffusion collision pathway, which is the pathway follow ed by 79%  of all 
trajectories. The distribution shows a purely tw o-state landscape with stable native and 
random  coil phases, w ith  no m etastable interm ediate state. F igure 3.4(c) shows the
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contour m ap o f  trajectories that follow  the hydrophobic collapse pathway. It shows three 
m ain stable states N , I, and C. Structural analysis shows that the interm ediate phases in  
Figure 3.4(a) and (c) are identical. Hence, the interm ediate state I does no t play a role in  
the dom inant folding pathw ay, which contradicts the conclusion o f  Zhou. This illustrates 
that the analysis o f  protein folding sim ulation data is com plicated when there are m ultiple 
folding pathw ays. For trajectories folding by the downhill m echanism . Figure 3.4(d) 
shows tha t only the native state region is well populated. Outside this region, unfolded 
states are unstable and, consequently, are sparsely populated.
Figs. 3 .5a and 3 .6a show  the free energy profile for the three folding pathw ays along the 
reaction coordinates Q and RM SD respectively. The free energy are calculated by the 
form ula f(RM SD ,Q ) = S e , where the sum m ation i is over all conform ations w ith  
values R M SD  = 1 Â  to RM SD = 10 Â, and Q=0.1 to Q = 0.9, and E; is the energy o f  the  
i*  conform ation. It is clear that all three pathways end up near the sam e native m inim um  
at Q ~ 0.73 and RM SD ~ 1.5 A. H ow ever, they all start from  different partially folded 
states. For the diffusion-collision m echanism , there is a very broad RM SD m inim um  at 
RM SD = 5-8 Â, and a  com paratively sharp Q m inim um  at Q ~ 0.3. This is consistent 
with an unfolded state w ith  substantial a-helical secondary structure, and partial and 
fluctuating core tertiary contacts. In contrast, the hydrophobic collapse m echanism  show  
a sharp R M SD  m inim um  (Figure 3.5a) at RM SD ~ 4 Â  and a broad Q m inim um  at 
Q=0.3-0.55. This is consistent with a com pact structure w ith varying am ount o f  
secondary and tertiary structure. For both the diffusion-collision and hydrophobic- 
collapse pathw ays, the free energy m inim um  is separated from  the native state m inim um  
by a transition state maximum. The behavior is very different for the downhill-folding 
path, w here the energy profiles (pink lines in  Figs. 3 .5a and 3.6a) shows only a native 
state m inim um  (Q » 0.73 for Fig. 3 .5a and R M SD » I.5Â  for Fig. 3.6a), w ith all unfolded 
conform ations having about equal values o f free energy. A  rem arkable feature is the 
absence o f a entropy-driven m axim um  separating the native states from  the unfolded 
states. This is why trajectories follow ing this pathway can fold unhindered at u ltra-high 
speed.
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3.3.3 D iffusion collision m echanism
The probability o f the key non-local native contacts betw een tw o residues formed, Qÿ, as 
a function o f  Q and RM SD  is shown m Figure 3.5b-d and 3.6b-d respectively. Sim ilar 
m ethods have been used by other group (Clem enti et al. 2003) to extract specific details 
from  sim ulation data. T hese results clearly reveal the “average” tim e evolution o f specific 
structural elements o f  the Trp-cage m odel folding along the three m am  pathways.
A  detail analysis o f diffusion collision mechanism, seen m  79 trajectories is given in  
Figure 3.5b and 3.6b. Starting from  a completely unfolded state, the early folding events 
(Q<0.3) are the form ation o f  a-he lix  and T rp6-P ro l2  residue pairs. Then, from  Q • 0.35 
to 0.4, the probability o f  salt-bridge form ation rapidly increases to the  peak-pom t ( 0.5). 
This value is h igher than  th a t o f the native structure (0.42). In the reg ion  o f  Q increasing 
from  0.45 to  0.5, the tertiary contacts between Trp6, Pro 17,18 and 19 increase. 
M eanwhile, the probability o f salt-bndge form ation and o f T rp 6 -P ro l2  decreases and a  
drop in  the helical content is observed. Sim ilar drop o f helical content as folding proceed 
was reported in  a com putational study o f the villin headpiece dom ain (Duan Y. and 
K ollm an P A  1998). These results dem onstrate the crucial role o f the coupling betw een 
the secondary and tertiary structure in protein folding processes. W hen  Q reaches 0.5, 
both hydrophobic-core and a -h e lix  are well formed, but the probability o f salt-bridge 
form ation is very low. A t this Q value, the structure o f the Trp-cage model is 
characterized by the form ation o f native contacts of the pairs T y r3 -P ro l8 , T yr3-Pro l9 , 
T rp6-P ro l7 , T rp6-P ro l8  and Trp6-prol9. It is noteworthy, that these Trp-cage native 
contacts have been designated as key contacts by an N M R  N O E  experim ent (Neidigh
2002). A fter the form ation o f these key contacts, all native contacts show  a steady rise 
toward the native state. These results suggest that conform ations in  the transition state 
ensemble are m  the reaction coordinate range Q~0.45 to 0.5 and R M S D -3 Â  (Linhananta
2005).
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Table 3-1: Summary of the most populated clusters for metastable 
intermediate states in Diffusion Collision folding path way (6638 
conformations)
size RMSD Q Qheiix Q s b Q310
1 50 5. 35 0  . 3 6 0 . 8 0 0 . 4 0 0 . 0 8
2 36 5 . 4 6 0  . 3 5 0 . 8 1 0 . 2 9 0 . 1 9
3 36 4 . 95 0 . 3 6 0 . 8 0 0 . 3 0 0 .11
4 35 5 . 2 5 0 . 3 6 0 . 7 9 0 . 3 5 0 . 0 3
5 33 4 . 9 4 0  . 3 7 0.81 0 .47 0 . 0 9
6 29 4 . 6 8 0 . 3 7 0 . 8 3 0.45 0 . 10
7 2 8 6. 17 0 .  3 5 0 . 7 8 0 . 3 6 0 . 0 7
8 24 5 . 4 4 0  . 3 5 0 . 7 9 0 . 4 4 0 . 0 8
C luster analysis was used to determ ine the m ajor m etastable interm ediate state o f T rp- 
cage protein folding by the diffusion-collision m echanism . The eight largest clusters are 
sum m arized in  Table 3-1. The average RM SD is from  5 to 5.5, and Q =  0.36. But, Qheiix = 
0.8, w hich actually above the native value o f Q. The representative sim ulated structures 
o f  the first four clusters are show n m  Figure 3.7. These structures dem onstrate the 
follow ing structural fingerprint: (1) well form ed a-helix ; (2) no hydrophobic-core; (3) 
T rp6-P ro l2  contacts bu t T rp 6  is flipped away from  the center o f  the cage; (4) A sp9- 
A rg l 6  salt-bridge occupies in the centre o f the cage. T he results are consistent w ith the 
contact order theory, which states that for a given topology, local interactions are m ore 
likely to  form  early in folding than non-local interactions (Baker D 2000). The presence 
o f  the A sp9-A rg l6  salt-bridge in the interm ediate state and its absence in  the latter stage 
o f  folding (discussed earlier) suggests that the early form ed salt bridge m ust be broken in  
order for folding to proceed. A  sim ilar conclusion was reached by Z hou (Zhou 2003), 
w here it was suggested that the early form ed salt bridge im pedes the ability o f the T rp 6  
residue from  form ing the hydrophobic core. This is consistent with the conclusion o f 
Duan et al. (Chowdhury et al. 2004) that states that the incorrect burial o f  T rp 6  im pairs 
folding. T aken together, our results indicate the orientation o f the side chain o f T rp 6  is 
involved in  the  rate-lim iting steps.





Figure 3.7. Represent structures o f the metastable intermediate states in diffusion-collision mechanism. 
(Blue for a-helix; Red for Salt-bridge; Golden for Trp6 and Prol2; CPK for Pro 17 to 19)
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3.3.4 Hydrophobic-collapse fo ld in g  m echanism
The hydrophobic-collapse m echanism  is followed by 9 out 100 fo lding trajectories. The 
tim e-variation plots are show n in Figure 3.5c and 3.6c. They show  that a partial 
hydrophobic core involving residues T rp 6 , P ro l7 , 18, 19 are form ed at Q -0 .3 , at the 
early stage o f folding. For com parison sake, in the diffusion-collision m echanism , T rp- 
cage core contacts do no t appear until Q>0.4. The plots also show  low  probability o f  a- 
helical structure (Q heiix <0.2) and salt-bridge (Qsb <  0.2). A t a la ter stage, Q=0.4-0.6, 
the helical content increases significantly. At the final stage o f  folding (Q>0.6) there is a  
steady increase in  the native content o f all key structural elements.
Table 3-2 : Summary of the most populated clusters for metastable
intermediate states 
conformations )
in Hydrophobic CollapsB-folding p
size RMSD Q Qheiix Qsb Qaio
1 29 3 . 9 0 0  . 4 2 0. 16 0 .  0 5 0 . 2 8
2 21 3 . 9 4 0  . 4 5 0. 18 0 .  0 1 0 .  3 3
3 19 3  . 9 3 0  . 4 8 0 .  6 4 0 .  0 0 0 . 4 2
4 16 3 . 9 6 0  . 4 4 0 .  1 8 0 . 0 6 0 . 2 5
5 16 3 . 7 8 0 . 4 1 0. 17 0 .  0 0 0 . 2 5
6 12 3 . 7 8 0  . 3 5 0 .  5 4 0 .  0 0 0 . 2 5
7 11 4 . 0 5 0  . 3 7 0 . 2 2 0 . 0 0 0. 45
8 11 4 . 5 6 0  . 4 0 0 .  1 6 0 .  0 0 0 .  6 4
Cluster analysis is used to determ ine the interm ediate state o f  T rp-cage protein that 
folded by the hydrophobic-collapse mechanism. The properties o f the eight largest 
clusters are sum m arized in Table 3-2. The average o f the reaction coordinates are R M SD  
= 4A, Q = 0.42. But, note that Qheiix < 0.25. The representative sim ulated structures o f  the 
first four clusters are shown in Figure 3.8. These structures dem onstrate the follow ing 
structural fingerprint: ( 1 ) only the first turn  o f  a -h e lix  are formed; (2 ) hydrophobic-core 
are form ed except for the Tyr-PPII interactions; (3) T rp6-P ro l2  are form ed and T rp 6  is at 
the cage-centre; (4) the possibility o f salt-bndge form ation is very low. Figure 3.9B 
shows the structure o f transition states in hydrophobic-collapse folding mechanism. By 
com paring these structures, we find that the significant difference betw een the transition  
state and interm ediate states is the absence in the latter o f significant salt-bndge and 3io- 
helix. Therefore, the form ation o f A sp9-A rg l6  (salt-bndge) pair contacts and 3 q h eiix  
should be the rate-lim iting steps in the hydrophobic collapse pathway.






Figure 3.8. Represent structures of the metastable intermediate states in hydrophobic collapse mechanism. 
(Blue for a-helix; Red for Salt-bridge; Golden for Trp6 and Frol2; CPK for Pro 17 to 19)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
42
(A) Transition state in diffusion collision mechanism.
(B) Transition state in hydrophobic collapse mechanism.
(C) Ground state (lowest energy) of Trp-cage.
Figure 3.9. Represent structures of the transition states and ground state. (Blue for a-helix; Red for Salt- 
bridge; Golden for Trp6 and Pro 12; CPK for Pro 17 to 19)
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3.3.5 D ow nhill fo ld in g  m echanism
In dow nhill folding m echanism s, proteins m  the random  coil states rapidly fold to  the  
native states w ithout the hindrance o f entropie barriers (Eaton 1999; K ubellka et al. 2004). 
D ue to  its small size and ultra-fast folding speed, several researchers (Zuo et al. 2006; 
Bunagan et al. 2006) have proposed that the Trp-cage is a good candidate for dow nhill 
folding. As discussed, 1 2  out o f 100 trajectories satisfied the “dow nhill” criteria o f  
encountering no entropy barrier in  the free energy profile (see Figs 3 .5a and 3.6a). They 
also fo ld  very fast with average folding tim e o f %=5900 com pared to the trajectories th a t 
fold by diffusion-collision and hydrophobic-collapse m echanism s w hich have t= 1 6 0 0 0  
and 27800, respectively. In the diffusion and hydrophobic-collapse m echanism s, folding 
is hierarchical in  that certain native contacts tend to form  before others. This m eans that 
certain contacts (unfolded conform ations) are m ore likely than others. In  the dow nhill 
folding pathway, there is no hierarchy. This is supported by the free energy profiles (Figs. 
3 .5a and 3.6a) o f  downhill folding w hich show uniform  probability away from  the native 
state, and by the contour m ap o f Fig. 3.4d w hich shows uniform ly low  probability for the  
unfolded conformations. This is also supported by cluster analysis, w hich failed to  detect 
any m etastable interm ediate state.
Table 3 - 3  : tr ans ition St ate and folded state
size RMSD Q Qhelix Qsb Q 310
1 36 3 . 15 0 . 4 9 0 . 6 6 0 . 0 7 0 . 4 8
2 10 3 . 0 0 0 . 5 1 0 . 3 0 0.41 0 . 3 0
3 1000 1 . 51 0.71 0 . 8 2 0 . 4 2 0 . 2 8
Note :
1:TSE on diffusion collision mechanism
2 :TSE on hydrophobic collapse mechanism
3 : Folded states for wild type at T* = 3.0.
3.4 Discussion and conclusion
The Trp-cage is a recently synthesized protein (Neideigh et al. 2002) w ith one o f  the 
fastest know n folding tim e of ~4ps (Q iu et al. 2004). There have been num erous 
com puter sim ulation studies (Slim m erling et al. 2002; Snow et al. 2002; Z hou 2003; 
N ikiforovich et al. 2003; P itéra et al. 2003; Chowdhury et al. 2003 & 2004). Even before 
its structure was resolved by a N M R  experim ent, ab-initio sim ulations were perform ed
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(S lim m erling et al, 2002). In that work, tw o 100ns sim ulations succeeded in  folding the 
T rp-cage correctly to its native structure w ithin 5ns and 20ns. T he Trp-cage was also 
studied by the F o M m g @ h o m e  group using distributed com puting technique, in  w hich 
thousands of sim ulations were perform ed on “hom e com puters” (Snow  et al. 2 0 0 2 ). 
H ow ever, the longest sim ulation was only 80ns, and not all sim ulations successfully 
folded the protein. In another study, the A m ber ab-initio software was used to perform  77 
100ns sim ulations, only 10 o f w hich resulted  in  folded Trp-cage. T he key point is that 
m ost com puter sim ulation studies on the Trp-cage have em ployed ab-initio codes in  
w hich proteins are represented in atom ic detail using accurate in teraction force field. D ue 
to the com plexity of these m odels, it is only possible to perform  sim ulations for tim e 
durations that are equivalent to only about 5%  o f the average T rp-cage folding tim e o f  
4ps. H ence, in  these works, the folding m echanism s o f the Trp-cage are extrapolated by 
approxim ate m ethods.
O ur all-atom  Go m odel found three distinct folding pathways; diffusion-collision; 
hydrophobic collapse; downhill. In the dom inant diffusion-collision pathw ay, the a-helix  
form s early follows by the form ation o f  the hydrophobic core anchored by the T rp 6 , 
Pro 12 residues. This is the same conclusion reached by the ab-initio sim ulations o f D uan 
group (Chowdhury et al. 2004). The m ain  difference is that in our w ork all sim ulation 
trajectories successfully fold the Trp-cage to its native structure. H ence our conclusion on 
folding m echanism s was reached by direct observations o f the data.
A  key feature o f  the Trp-cage (TC5b) is that it was synthesized from  the naturally  
occuring peptide sequence TC3b (N eidigh et al. 2002). The m ain difference betw een 
TC 3b and TC5b, is the presence, in  the latter, o f an A sp9-A rgl 6  salt bridge, w hich is 
believed to be one o f the reasons for the stability o f Trp-cage despite its small size. In a 
landm ark study Zhou (Zhou 2003), using the A m ber O FLSA A force field in  explicit 
water, perform ed detailed sim ulations on the Trp-cage. The sim ulations observed an 
interm ediate state stabilized by the A sp9-A rg l6  salt bridge. It was hypothesized that the 
salt-bridge stabilized interm ediate plays a crucial role in  the ultra-fast folding speed o f 
the Trp-cage. But that the salt bridge m ust be broken at a later stage in  order for the Trp-
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cage to be able to fold to  the native states. These features have been verified by o ther 
workers (Ding et al. 2005). The fact that our all-atom  Go m odel is able to produce these 
specific behaviors suggest that Go m odels can accurately produce generic and specific 
detail o f  protein folding.
The com puter sim ulation results presented in this chapter is the first to  observe dow nhill 
folding m echanism  in the Trp-cage. D ow nhill folding has been  observed in  a sim ulation 
study on the src SH3 dom ain (Shea et al. 2002). However, that w ork  em ployed the  
im portance equilibrium  sam pling m ethod to extrapolate non-equilibrium  folding 
processes. As far as we know, this is the first work to directly observe downhill fo ld ing 
starting from  the random  coil state follow s by a m onotonie increase tow ard the native 
state without the h indrance o f an entropie barrier.
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C hapter 4
Investigating relative roles of a-helix, hydrophobic core and specific 
pair interactions in the folding mechanism of the ultra-fast folding 
protein Trp-cage by varying the interaction potential of an all-atom Go 
model
A bstract
R ecent works on proteins suggest that the m echanism  o f folding is determ ined by the 
balance betw een the stability o f  secondary structural elem ents and the am ount o f  
hydrophobic core in the native structure. In this chapter, these factors are investigated by 
altering the strength o f the interaction energy o f key structural elements o f the T rp-cage, 
such as the a -helix , hydrophobic-core, and salt-bridge. It is found tha t varying the 
stability o f a -h e lix  and hydrophobic-core strongly alters the folding kinetics and 
significantly changes the folding rate. In contrast, increasing the stability of the salt- 
bridge increases the folding rate but does not change the folding m echanism s. Increasing 
the stability o f  T rp6-proI2  interactions decreases the folding rate 50%  and switches the 
tw o-state m echanism s into a more com plex folding mechanism. This highlights the 
im portance o f energetic balance in the Trp-cage and shows that the folding pathways are 
controlled mainly by the stability o f the a -h e lix  and hydrophobic-core.
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4.1 Introduction
The role o f a-helical propensity and hydrophobicity in  determ ining the rate and 
m echanism  o f protein folding has been explored by num erous theoretical and  
experim ental studies (M unson et al. 1996; B ieri et al. 1999; Chiti et al. 1999; K uhlm an et 
al. 2004; Roder 2004; M eisner et al. 2004; Susanne et al, 2005; Liwo et al. 2005). T hese  
studies have shown that the folding rate o f  proteins that fold by tw o-state-kinetics is 
dependent on the content and stability o f  their secondary structure. For example, a -  
helical proteins formed from  sequences w ith high local helical propensity have been  
found to  fold by a diffusion-collision m echanism  (Dearco et al. 2004), w hich describes a  
hierarchical process in w hich m arginally stable elem ents of secondary structure collide 
and dock, forming interm ediates w ith increasing stability, ultim ately leading to the native 
state. In other models, hydrophobic collapse dom inates the early stages o f folding, 
causing com paction that decreases the accessible conform ational space and, consequently 
reducing the search tim e required  by proteins to reach their native states. A  third m odel, 
the nucleation-condensation m odel (Fersht A .R., 1995), proposes that secondary and 
tertiary structure are stabilized concom itantly with most, i f  not all, residues contributing 
tow ards the stability of the folding nucleus, whose form ation characterizes the rate- 
lim iting transition state (Fersht et al. 2004). The folding m echanism  tha t dom inates 
folding for a particular am m o-acid sequence is determ ined by the balance betw een th e  
intrinsic stability o f secondary structural elem ents and the propensity o f the polypeptide 
chain to undergo hydrophobic collapse. T he folding process can thus be described by a 
variable m odel in which the balance betw een the stability of secondary structure and the  
hydrophobicity o f proteins can be tuned to  determ ine the folding pathways (Fersht et al. 
2002; Giani et al. 2003).
A  num ber o f studies on the role o f helix  stability in protein folding have show n tha t 
increasing the intrinsic stability o f helices by am ino-acid substitutions o f  solvent-exposed 
residues stabilizes the native structure (M unoz et al 1996; Taddei et al. 2000). In such 
cases, stabilization o f helices increases the rate o f folding if  the helix  is form ed in  the  
rate-lim iting step, but not i f  it is form ed in  the unfolded state. A lternatively, if  the helices
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are form ed only after the rate-lim ing transition state has been crossed, increasing the  
helical propensity has no effect on the folding rate constant, but results m  a  reduction in  
the rate o f unfolding. A ltering the stabilit}/ o f helix, therefore, is a pow erful m ethod o f  
elucidating the role o f individual secondary structural elem ents in the m echanism  o f  
folding.
A lthough the im portance o f  hydrophobic collapse in  folding has been know n for decades 
(Dill K.A. 1990), predicting the effects o f altering the hydrophobicity on the m echanism  
o f protein folding is difficult. For example, decreasing the size and/or hydrophobicity o f  
am ino-acid residues involved m  the folding nucleus and in  the core o f  the native state 
slows folding and decreases protein stability. In contrast, increasing the size o f  
hydrophobic side chain (by am ino-acid substitution) w ithin the core can selectively alter 
the stability o f  the native state relative to the transition state. Increasing the  
hydrophobicity o f  solvent-exposed residues in the native state can also destabilize the 
native state by the so-called reverse hydrophobic effect, w hich induces non-native 
hydrophobic clusters in  the unfolded states. The role o f hydrophobicity in  the m echanism  
o f  folding, therefore, depends on the role and environm ent o f individual residues at each 
stage o f folding.
C om putational sim ulations hold great prom ise as a tool for investigating the effect o f  the 
stability o f secondary structure and hydrophobic-core on folding rates and m echanism s. 
This can be im plem ented by simply varying interaction energy of key structural elem ents, 
such as the a -h e lix  and hydrophobic-core. These in silico m ethods have the advantage o f 
being able to vary the secondary-structure stability and hydrophobicity continuously, 
w ithout affecting the geom etry o f the original protein referred to  as the  wild type. In 
contrast, in protein m utation experim ents it is only possible to vary these effects 
discretely, and the accompanying am ino-acid substitutions will change the local 
geom etry o f the protein -  the protein is now  a mutant with different prim ary structure 
from  the  wild type. V arious groups have im plem ented this in silico m utation m ethod 
with C“ Go m odel by rem oving specific native interactions to destabilize certain  
structural elem ents (Li et al. 1994). This work uses an all-atom ic m odel to perform
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theoretical m utations at the atom ic level (Chowdhury et al. 2004). The interaction energy 
o f key structural elem ents are varied, instead o f  rem oved as m  other studies.
Based on a coarse-grained m odel, D ing and co-works proposed that the folding dynam ics 
o f the Trp-cage is governed by a few  key structural factors (D ing et al. 2005). These are 
the short a -h e lix  from  residue 2 through 8 , and a hydrophobic-core including Tyr3, T rp 6 , 
Leu7, Pro 12, 17, 18 and 19. Several experim ental works proposed that the Pro-Trp 
interactions m ay be the key stabilizing factor (N eidigh et al. 2002, G ellm an et al. 2002). 
These works reported that o f the four P ro-T rp 6  contact pairs, the P ro l2 -T rp6  is the m ost 
im portant, since it is formed even in  the denatured (unfolded) states (N eidigh et al. 2002). 
The w ork o f Z hou (Zhou R. 2003) concluded tha t an additional im portant stabilizing 
factor o f  the folded (native) state arises from  the salt-bridge betw een residues Asp9 and 
A rg l 6 . T he salt-bridge was purposed to be the cause o f  the ultra-fast folding speed.
H ere the roles o f these key structural elem ents are studied, by tuning the in teraction  
energy o f atom ic pairs with native contacts in these elements. The four structural 
elem ents to  be tuned are the a -h e lix  (residues from  2  to 8 ), hydrophobic-core (residues 
Tyr3, T rp 6 , Leu7, P ro l2 , 17, 18 and 19), Salt-bridge (Asp9 and A rg l 6 ) and T rp6-pro l2 . 
This leads to the determ ination o f the structural elem ents that control the T rp-cage 
folding pathw ay, the calculation o f the folding-rate, and an im proved understanding o f 
the coupling betw een secondary and tertiary structure.
4.2 M eth o d
4.2,1 Sim ula ting  trajectories
One hundred  120 000 reduced tim e-step folding discontinuous m olecular dynam ics 
(D M D ) sim ulations were perform ed at T* = 3 .0  for every Trp-cage mutants starting from  
1 0 0  initial random -coil conform ations, produced by short sim ulations at a h igh  
tem perature, T*=5.0, where the protein is unfolded. In  a previous study it was show n that 
the transition  tem perature, at w hich the random  coil and native state are equally stable, is 
T*=4.0 for a hom ogenous all-atom  Go m odel o f  Trp-cage (Linhananta et al. 2005). In 
that w ork, it was estimated that 100 reduced tim e unit scales to ~ 20 ns to 70 ns.
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4.2.2 Wild-type, mutants, and  the relative stability
The w ild type T rp-cage is defined by the hom ogeneous all-atom  Go m odel (chapter 3), 
where all native contacts have the sam e square-w ell depth, B"'y = -1.0 (see equation 2.3) 
or R = l.
The difference betw een a m utant m odel and the wild type m odel is the square-w ell depth 
o f specific atom -atom  native interactions in  the structural elem ent o f  interest. D enoting 
the atom ic pair square-w ell depth o f  m utant contacts as B™j, the relative stability o f  the 
m utant structural elem ents, R, is defined as
R =B "ij/B "ij (E q .4 .1 )
N ote tha t only native contacts within the structural elements take on this value, other 
native contacts o f the m utant remains B \ j  = B” j = -1. For the form er i f  R  >1, the 
specific interactions o f  the m utant are strengthened (stabilized), w hile for R<1, it  is 
w eakened (destabilized). Setting R=0 m imics the m utation m ethods o f other 
com putational researchers (Li et al. 1994).
4.2.3 Helicity defined by backbone dihedral angle
A  com m on m ethod o f determ ine w hether a segm ent o f a protein is helical is to calculate 
the dihedral angles 9  and \\i in that segm ent (see Figs 1.4 and 1.6 and 1.7 and section 
1.1.2). Follow ing the prescription o f D uan et al. (Duan Y, et a l ,  1998), define the 
probability o f  finding a-helical stm ctures as Qdüi, which is a function o f the Q,
(E q .4 .2 )
where M (^^)(Q )=Z M (^,^) .(Q);
M  (Q) =  1, i f  1% -  (Pi,nai I < 6  and IVi -  I < 5
or i f  lY; -  I < Band | <  6
= 0 , in the other case.
As was done by previously (Duan Y. et al., 1998) we set 8 = 30°, for 2< i < 8  (residues in 
a-helix).
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4.2.4 Mean First Passage Time t and Folding rate, k
In this work a protein is considered to have folded to its native state if  its main-chain 
RMSD is less than 1.6 A. The first passage time (FTP) is defined as the time it takes for a 
protein to fold starting from an initial unfolded conformation. The Mean First Passage 
Time (MFPT), denoted by x, is simply the average of the FTP, which in this chapter is 
simply the average FTP of the 100 Trp-cage simulations at T*=3.0. In this work we shall 
use the term average folding time and MFPT interchangeably. Finally, the folding rate is 
defined as k = 1/x.
4.3 Results
4.3.1 Effect o f altering a-helix stability on the folding kinetics and folding rates
R=0.6
a  0.5




0 1 2 3 4 5 6 7 8  9 10  
RMSD
R=1.5




0 1  2 3 4 5 6 7 8  910  
RMSD
F igu re  4. 1.  P robability  d istribution contour p lots as a fu n ction  o f  R M S D  and the fraction  o f  the total 
num ber o f  n o n lo ca l native  co n tacts form ed, Q, for a -h e l ix  m utants. R eg io n s o f  c lo s e ly  sp aced  lin es in d ica te  
h ig h  o ccu p a tio n  probability .
Fig. 4.1 is a set of contour plots of the probability distribution versus the reaction 
coordinates, in Q and RMSD space, with different stability o f a-helix at the same 
temperature T*=3.0. The free energy landscape is smooth for low a-helix stability
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(Figure 4.1a) indicating a two-state mechanism with the random coil and native states 
being the only two stable states. In contrast, increasing the stability o f a-helix makes the 
landscape rougher (note the three regions with closely spaced lines in Figure 4.1c,d), 
inducing the appearance of metastable intermediate states.
The relationship between the folding rate and relative stability R of a-helix is shown in 
Figure 4.2. The data show that the wild-type Trp-cage (R=l .6) has the maximum value of 
folding rate. Decreasing or increasing the stability of a-helix will decrease the folding 
rate. This result is consistent with the experiment of Main et al. which strengthened the 
helix stability of a protein by adding the compound TFE (Main et al. 1999). Taken 
together the data suggests that two-state folding mechanisms do not necessary lead to the 
fastest folding rate, and that in certain cases the presence of metastable intermediate 
states actually aid folding (Zhou 2003; Linhananta et al. 2006)
hijlijt mutani -}•
F igure 4 .2 . M ean fo ld ing-rate  versu s relative  stab ility  R  o f  a -h e lix .
Figs. 4.3a and 4.4a show the probability of finding the a-helical structure (Qj^, (Q) of 
section 4.2.3) for a set of a-helix mutants. It is clear from the Figure 4.3A that a-helix 
(residue 2-8) reached the maximum as Q^O.3-0.4. It is interesting that, in all cases, there 
is a valley (Q » 0.45) corresponding to a loss of helical structure prior to the protein 
folding to the native state (Q> 0.65). These results indicate that the early formed a-helix 
need to be softened in order to allow the formation of tertiary structures necessary to
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reach the native state. It also explains why increasing the stability of a-helix too much 
decreases the folding rate.
Trp-cage was designed by decreasing the stability of a-helix through decreasing the 
length of helices of its mother protein EX4, which is often observed to be misfolded in 
water (Neidigh et al. 2002). We did 100 runs for different a-helix mutants at T*=3.0. The 
simulations results of the R=2.0 mutant demonstrate that only 90% trajectories folded to 
the native state. This is consistent with the experimental results (Neidigh et al. 2002) that 
found both EX4 (percentage helix 52.27) and TC3b (percentage helix 11.08) have higher 
stability of a-helix than that of Trp-cage (TC5b, percentage helix 1.29) but often do not 
fold to their native structure. (Percentage helix was obtained by using AGADIR, 
www.Gateway.com) On the other hand, the simulation results of R=0.6 a-helix mutant 
show that only 60% is folded (Table 4-1). This suggests that for optimum folding 
efficiency, the stability of a-helix must be finely tuned -  it cannot be too high or too low.
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Figure 4 .3 . a -H e lix  M utants a ffect the probability o f  k ey  e lem en ts as a function o f  Q; 
a -H e lix  (a), T rp6-P rol8  (b), salt-bridge (A sp 9 -A r g l6 )  (c) and 3 1 0 -b e lix  (d).
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Figure 4.4. a-Helix Mutants affect the probability o f key elements as a function of RMSD; 
a-Helix (a), Trp6-Prol8 (b), salt-bridge (Asp9-Argl6) (c) and 310-helix (d).
A  cluster analysis is perfo rm ed  on the 10 tra jecto ries tha t did  n o t fold to  the  native states 
o f  the R =2.0  a -h e lix  m utant. T he represen ta tive  conform ations o f  the m ost popu lated  
c luster fo r the 10 unfo lded  trajectories are show n in F igure 4.5 and T able 4 - lA . T hese 
conform ations are com pact w ith  average R M S D  ~  3.5 and Q ~  0.55. N a tiv e  like a -h e lix  
and  hydrophobic-core are w ell form ed bu t the  p robab ility  o f  salt-bridge form ation is very  
low  (0.1). C lose in spection  o f  these in term ediate  structu res show  that nonnative T rp 6 - 
P ro l2  contacts im pede further form ation o f  the  hydrophobic  core, as w ell as p reven ting  
the form ation  o f  the salt-bridge betw een  A sp9  and  A rg l 6 .
A  c luster analysis on  the  90 trajectories (o f  the  R =2 a -h e lix  m utant) that did  fold found 
tha t 80 runs fold in d iffusion  collision  fo ld ing  m echanism , 9 fo ld  by the dow nhill fo ld ing  
m echanism , and only  1 fo lds by  the hydrophob ic  co llapse m echanism  (Table 4-3). It 
appears tha t very  stable a -h e lica l structure steers the  T rp-cage m odel to  the d iffusion  
co llision  pathw ay. The represen tative conform ations o f  th e  th ree  m ost populated  clusters 
in R =2.0  a -h e lix  m utan t d iffusion  co llision  fo ld ing  m echan ism  (80 runs) are show n in 
F igure 4 .6  and T able 4 - lB .
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Table 4-lA: Summary of the most populated clusters for intermediate 
states in failed-folding trajectories --cluster analysis (3991
conformations) for ĉc-heii.x = 2.0.
size RMSD Q Qhelix Q s b Q 310
1 3 5 0 3 .  6 3 0.57 0 . 8 8 0 . 0 9 0 . 3 3
2 2 3 7 3 .  9 2 0 . 57 0 . 8 8 0 . 1 3 0 . 27
3 179 2 .  9 7 0.51 0 . 8 9 0 .  0 0 0 . 3 9
4 179 3 . 8 1 0.59 0 . 8 8 0 . 1 6 0 . 1 6
5 131 2 . 8 9 0 . 5 1 0 . 8 8 0 .  0 0 0 . 3 0
6 104 3 .  6 7 0 .  6 0 0 . 8 8 0 . 1 9 0 . 1 3
7 8 8 3 . 4 8 0. 54 0 . 8 8 0 .  0 3 0 . 3 8
8 8 2 3 .  6 2 0 . 5 8 0 . 8 7 0 . 2 1 0 . 2 3
Table 4-lB; Summary of the most populated clusters for intermediate 
states in Diffusion-collision (6557 conformations), R„-heiix = 2 . 0
size RMSD (2 Qhelix Qsb Q;310
1 101 3 .76 0 .43 0 .23 0 .00 0 .39
2 44 5 . 5 0 0 ., 38 0 .93 0 .. 2 3 0 ., 05
3 2 8 5 . 8 4 0 ., 40 0 .99 0 .33 0 .07
4 2 8 5 . 5 3 0 .. 3 8 0 .97 0 .,20 0 .04
5 27 5 . 61 0 ., 39 0 .. 9 6 0 ,. 2 6 0 ., 07
6 2 6 5 . 8 7 0 .. 3 6 0 .96 0 ,. 0 8 0 ., 04
7 2 5 4 . 9 9 0 ., 41 0 .99 0 . 50 0 ., 08
8 2 5 5 . 41 0 ., 3 8 0 .. 9 8 0 ,. 2 6 0 ., 04





Figure 4.5. Representative intermediate structures o f the 10 trajectories that did not fold for R=2.0 a-helix 
mutant. (Blue for a-helix; Red for Salt-bridge; Golden for Trp6 and Prol2; CPK for Pro 17 to 19)






Figure 4.6. Representative intermediate structures of the 10 trajectories that did not fold for R=2.0 a-helix 
mutants. (Blue for a-helix; Red for Salt-bridge; Golden for Trp6 and Pro 12; CPK for Pro 17 to 19)
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4.3.2 E ffect o f  altering hydrophobic-core stability on the fo ld in g  kinetics and fo ld in g  
rates
Figure 4.7 is a set o f  contour plots of the probability distribution versus the reaction 
coordinates, Q and RM SD  with different stability o f hydrophobic-core at the sam e 
tem perature T*=3.0. Increasing the stability o f  hydrophobic-core m akes the landscape 
rougher (Figure 4.7c, d), inducing a m etastable interm ediate state. A n interesting feature 


































0 1 2 3 4 5 6 7 8 9 1 0
RMSD RMSD
Figure  4.7. P ro b ab ility  d is trib u tio n  as a  fu n c tio n  o f  R M S D  an d  th e  frac tio n  o f  the to ta l n u m b er o f  n o n loca l 
na tive  co n tac ts  fo rm ed , Q, fo r  hydrophob ic-co re  m utants.
The relationship betw een the folding rate and relative stability R  o f hydrophobic-core is 
shown in  Figure 4.8. The data show that slightly strengthening the stability o f  
hydrophobic-core (R -1 .2 -1 .4 ) m axim izes the folding rate. But, i f  the hydrophobic-core 
is too stable (large R), the folding rate will decrease. It is d ifficult to analyze the effects 
o f  stability o f hydrophobic-core on folding m echanisms because the core consists o f  
many native contact pairs: T rp6-Pro l2 , T rp6-Prol7-19. In the  w ild type Trp-cage m odel 
(chapter 3), these pair are formed at different stages o f  folding. W e shall discuss this 
com plex issue later.
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Figure 4.8. Mean folding-rate versus relative stability R of hydrophobic-core.
4.3.3 Effect o f altering salt-bridge on the folding kinetics and rates
The contour maps of a set salt-bridge mutants are shown in Figure 4.9. Just as for the 
wildtype contour plot (Fig.3.4a) when the salt bridge is strengthened (R=1.2, 1.6, 2.0) a 
kinetic intermediate state (Q=0.3-0.4, RMSD=4-4.8) is observed, while when it is 
weakened (R = 0) the intermediate state is absent (Fig. 4.11a). As R increases the 
structures of the intermediate state becomes more nativelike. However, there is a 
significant drop in the probability distribution of the intermediate state as R is increased 
to 2 (Fig. 4.lid). It is noteworthy that the intermediate state induced by strengthening the 
salt bridge is relatively unstable when compared to the intermediate states induced by 
strengthening the a-helix (Fig. 4.1) and hydrophobic core (Fig. 4.7).
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Figure 4.9. Probability distribution as a function of RMSD and the fraction of the total number of nonlocal 
native contacts formed, Q, for salt-bridge mutants.
Figure 4.10. Relative mean folding-rate In (k^/kw) vs. relative stability R o f salt-bridge.
Fig. 4 .10  p lo ts  In (W k w ) vs. R ., w h ere  kw is the  fo ld ing  ra te  o f  th e  w ild ty p e  T rp -cage a n d  
km is th e  fo ld ing  ra te  o f  th e  m u tan t at a  g iven  R. T his shows th a t th e  fo ld ing  ra te  
in creases w ith  R . T ak en  to g e th er the  d a ta  p resen ted  in  F igs. 4 .9  and  4 .10  suggests th a t th e
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Asp9-Argl6 saltbridge of the Trp-cage alters the free-energy landscape minimally by 
inducing a weakly stable intermediate state that is very difficult to detect on contour plots. 
However, these intermediate states have the effect of significantly increasing the folding 
rate. This is a remarkable agreement with the hypothesis o f Zhou (Zhou 2003) that 
attributed the ultra-fast folding speed of the Trp-cage to the formation of a salt-bridge 
stabilized intermediate state.
Figs. 4.11 and 4.12 show the effects of changing the strength of Asp9-Argl6 interaction 
on the folding kinetics of key structural elements. Strengthening the Asp9-Argl6 by 
increasing R does not appear to have significant effects on the a-helix and the Trp6- 
Prol8 contacts (Figs. 4.11a, 4.11b, 4.12a and 4.12b). It appears that with increasing R 
slightly decrease the stability of the 3io-helix (Figs. 4.11c and 4.12c). The main effect of 
strengthening the Asp9-Argl6 is the large increase in the stability (Figs. 4.11c and 4.12c) 
of salt bridge. These results is in agreement with the earlier conclusion that the salt bridge 
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Figure 4.11. Salt-bridge Mutants effect on the probability of key elements as a function o f Q; a-FIelix (a), 
Trp6-Prol8 (b), salt-bridge (Asp9-Argl6) (c) and 310-belix (d).
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Figure 4.12. Salt-bridge Mutants effects on the probability of key elements as a function o f RMSD: a- 
Helix (a), Trp6-Prol8 (b), salt-bridge (Asp9-Argl6) (c) and 310-helix (d).
4.3.4 Effect o f altering Trp6-Prol2 on the folding kinetics and rates
As mention the Trp-cage hydrophobic core is stabilized by the native contacts pairs Trp6- 
Prol2, Trp6-Prol7, Trp6-Prol8, and Trp6-Prol9. Four Pro residues play a critical role in 
Trp-cage folding mechanism. Among the four Trp6-Pro pairs, Trp6-Prol2 is the only one 
detected in the denatured state by an NMR study (Neidigh et al. 2002). This has led to the 
suggestions that the Trp6-Prol2 native contact pair is a key structural element in the 
folding of the Trp-cage. This is investigated by tuning the strength of Trp6-Prol2 
interactions.
The contour maps of a set of Trp6-Prol2 mutants are shown in Figure 4.13. In the case 
where the Trp6-Prol2 mutant is strengthened to R -2  there is a dramatic change in the 
free energy landscape with the appearance of two metastable intermediate state. This 
roughening of the free energy landscape is accompanied by a 50% decrease in the folding 
rate was observed (Fig. 4.14). Our result suggests that the existence of Trp6-Prol2 in the 
unfolded state may impede the folding process. Recently, by replacing Pro 12 residue with 
Trpl2 to produce the Trp^-cage mutant, Gai’s group claims to almost reach the “folding 
speed limit” (Bunagan et al. 2006). Our computational result is in general agreement with
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a previous computational research that concluded that a slightly roughened free-energy 
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F igure 4 .1 3 . Probability  d istribution  as a fu n ction  o f  R M S D  and the fraction  o f  the total num ber o f  n o n lo ca l  
native  contacts form ed, Q , for T r p 6 -P ro l2  m utants.
For the R=2 Trp6-Prol2 mutant, 98 out of 100 folding simulations fold to the native 
state. Cluster analysis of the 98 folded trajectories shows that simulations can be 
classified into three mechanisms (Table 4-3): (I) diffusion collision (66 runs); (II) 
hydrophobic collapse (9 runs); (III) downhill (23). Two points are evident: the increase in 
number of trajectories following downhill folding pathway by more than a factor of two 
compare to the wildtype; and the significant decrease in the number of trajectories 
folding by the collision-diffusion mechanism. By comparing cluster analysis result for the 
wildtype (Tables 3-1 and 3-2) with cluster analysis results for the R=2 Trp6-ProI2 
mutant (Table 4-2A and Table 4-2B), the a-helical content of the intermediate states of 
the diffusion collision and hydrophobic collapse pathways are more similar in the mutant. 
Compare to the wild type intermediates, the a-helical content of the mutant intermediates 
is lower in the diffusion collision pathway but higher in the hydrophobic collapse 
pathway. This shows that strengthening the Trp6-Prol2 interactions unified the folding
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pathways such that the diffusion collision and hydrophobic collapse become more similar. 
It appears that, of all the structural elements tuned in this work, the folding pathways are 
altered most dramatically by varying the Trp6-Prol2 contacts.
F igu re 4 .1 4 . R e la tiv e  m ean  fo ld ing-rate  In (k^/kw) vs. re la tive  stab ility  R  o f  T r p 6 -P ro l2  contacts.
T a b l e  4 - 2 A :  Su m m ar y  o f  t h e  m o s t  p o p u l a t e d  c l u s t e r s  f o r  m e t a s t a b l e  
i n t e r m e d i a t e  s t a t e s  i n  D i f f u s i o n  c o l l i s i o n  m e c h a n i s m  - - c l u s t e r  a n a l y s i s
( 6 5 9 0  c o n f o r m a t i o n s )  f o r  R.•Trp6-Prol2 2 . 0 .
S i z e R M S D Q Q h e l i x Q s b Q 310
1 73 5 . 84 0 . 3 7 0 . 79 0 . 3 3 0 . 0 7
2 43 5 . 6 5 0 . 37 0 . 75 0 . 4 6 0 . 0 2
3 38 S . 76 0 . 3 6 0 . 77 0 . 2 5 0 . 1 3
4 3 0 5 . 91 0 . 3 8 0 . 8 2 0 . 4 4 0 . 03
5 2 9 5 . 32 0 . 3 7 0 . 78 0 . 5 1 0 . 03
6 2 9 5 . 6 9 0 . 37 0 . 81 0 . 3 2 0 . 1 0
7 2 8 5 . 58 0 . 37 0 . 7 8 0 . 3 4 0 . 00
8 2 8 5 . 9 9 0 . 3 7 0 . 8 0 0 . 3 0 0 . 00
T a b l e  4 - 2 B :  Su m m a ry  o f  t h e  m o s t  p o p u l a t e d  c l u s t e r s  f o r  m e t a s t a b l e  
i n t e r m e d i a t e  s t a t e s  i n  h y d r o p h o b i c - c o l l a p s e  m e c h a n i s m  - - c l u s t e r
a n a l y s i s ( 2 5 0 0 c o n f o r m a t i o n s ) f o r  RTrp6-Prol2 = 2 . (
S i z e R M S D Q Q h e l i x Q s b Q 310
1 6 2 3 . 90 0 . 47 0 . 7 0 0 . 0 0 0 . 4 8
2 3 7 4 . 3 8 0 . 4 6 0 . 76 0 . 0 0 0 . 4 6
3 2 5 3 . 8 3 0 . 4 9 0 . 6 7 0 . 0 0 0 . 12
4 24 3 . 9 6 0 . 4 9 0 . 7 0 0 . 0 0 0 . 2 5
4.4 Discussion and Conclusion
To conclude this chapter we consider again the controversial debate on whether proteins 
fold by the framework mechanism, which includes both the diffusion-collision and 
hydrophobic-collapse pathways, or by the nucleation-condensation pathway. To reconcile
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this debate, Fersht et al. proposed that decreasing the stability o f  the secondary structure 
w ill steer the folding m echanism s from the framework to the nucleation-condensation  
m echanism s (Gianni et al. 2003). To use our m odels to test this hypothesis, consider 
again Qheiix and Qhydro, defined in section 3.2.4. Qheiix is the average fraction o f  the three 
a -h e lix  hydrogen bonds formation. Qhydro is the average fraction o f  tertiary hydrophobic 
contacts in the Trp-cage core. A  plot o f  Qheiix vs. Qhydro w ould reveal the folding  
m echanism s follow ed by the protein. In the d iffusion-collision  m echanism, Qheiix would  
increase more rapidly than Qhydro- In the hydrophobic collapse m echanism , Qhydro would  
increase more rapidly than Qheiix- In the nucleation-condensation m echanism , the Qheiix vs. 
Qhydro curve w ould be a diagonal line. For a m ultiple folding process the Qheiix vs. Qhydro 
plot w ould be com plex.








Figure 4.15. The trajectory o f Qhydro vs. Qheiix for different relative stability o f a-helix and hydrophobic- 
core. (A) for a-helix mutants; (B) for hydrophobic-core mutants ; (C) for salt-bridge mutants; (D) for Trp6- 
Prol2  mutants. The Qhydro and Qhelix are the average values calculated from lOOruns, corresponding 
certain RMSD. The line is plotted with points connected sequentially in RMSD decreasing.
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To test the hypothesis o f  F e rsh t the stabilities o f the structural elem ents are 
system atically varied as described in section 4.2.2. T he results o f  the Qheiix vs. Qhydro plots 
are show n in Fig. 4.15. Fig. 4.15(A ) shows the shift o f  folding m echanism s by varying 
the relative stability o f  a-helix. W hen the relative stability o f a-helix  is decreased, it is 
clear that the folding m echanism  is a hydrophobic collapse. W hen it is increased the 
folding m echanism  is a diffusion collision. However, the nucleation-condensation 
pathway is no t observed for any value o f the relative stability (R) o f  a-helix. Fig. 4.15(B) 
shows the shift o f  the fold ing m echanism  by varying the relative stability o f  hydrophobic- 
core. W hen the relative stability o f hydrophobic core is decreased, the folding m echanism  
is a diffusion collision. W hen it is increased, the Q^da vs. Qhydro p lo t is complex, 
indicating that the pro tein  folds by m ultiple m echanism s. A gain  the  nucleation- 
condensation pathway is no t observed. Figs. 4.15(C) and (D) show  that there is no 
significant shift o f folding m echanism s by varying the relative stability o f the  salt-bridge 
and the T rp 6 -P ro l2  contacts.
To conclude, the in silico m ethod em ployed here shows that the T rp-cage can fold by 
three pathways; diffusion-collision, hydrophobic collapse and downhill. T he nucléation 
condensation m echanism  is no t observed. Table 4.3 shows that the folding m echanism  o f 
the Trp-cage is very sensitive to the stability o f specific stm ctural elements. By tuning the 
relative stability, it is found that the folding pathways o f the T rp-cage are controlled 
m ainly by the balance betw een the stability o f the a -h e lix  and o f the hydrophobic core. It 
is found that the high Trp-cage folding rate is m aintained by the  A sp 9 -A rg l6  salt-bridge. 
It is also found that the key to reaching the “folding speed lim it” m ay be found in  the 
T rp6-P ro l2  native contacts. Finally, the results presented here m ay be used as a guide by 
experim entalists to engineer T rp-cage mutants that fold faster or ones tha t fold by 
specific m echanism s.
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T ab le  4-3. The p o p u la tio n  and average FP T  fo r d iffe ren t fo ld ing  m ech an ism s w ith  d iffe ren t re la tiv e  
s tab ility  o f  key  struc tu ra l e lem ents. M ech an ism  I, II, and III deno te  d iffu s io n  co llision , h y d ro p h o b ic  
co llapse, and  d ow nhill m echan ism , respec tive ly .
a-Helix mutants:.
M ech an ism  I M ech an ism  II M ech an ism  III U n fo ld ed  F P T
R = 2 .0 8094(150) 194(180) 9% (30) 10% 139
R = 1.6 8694(112) 194(177) 994(60) 4% 108
R = 1 .2 7994(149) 894(352) 1394 (67) 0% 154
R = 1 .0 7994(160) 994(278) 1294 (59) 0% 154
R=0.8 6194(175) 1794 (515) 2294(117) 0% 166
Salt-bridge mutants:.
M ech an ism  I M ech an ism  11 M ech an ism  III U n fo ld ed FPT
R = 2 .0 7794(102) 994 (214) 1494(44) 0% 101
R = 1 .6 8094(123) 694(202) 1494(65) 0% 119
R = 1 .2 7694(124) 994 (258) 1594(72) 0% 126
R = 1.0 7994(160) 994(278) 1294 (59) 0% 154
R=Œ8 8594(162) 294 (5 1 5) 1394(64) 0% 145
R.=&6 7694(176) 994 (374) 1594(49) 0% 174
Trp6-Prol2 mutants:.
M ech an ism  I M ech an ism  II M ech an ism  III U n fo ld ed FP T
RF4^ 7294(178) 394(661) 2394(89) 2% 199
R = 1.0 7994(160) 994(278) 1294(59) 0% 154
R.=0 0 7794(169) 894(167) 1394 (50) 0% 145
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Chapter 5
T h e  e f fe c ts  o f  n o n n a t iv e  in te r a c t io n s  on  th e  T r p -c a g e  fo ld in g  k in e t ic s  
A b s tr a c t
The kinetics o f an all-atom model for protein Trp-cage is investigated by varying the 
relative strength o f homogenous and knowledge-based non-native interactions. The 
cluster analysis metliod is used to detennine tlie effects o f  non-native interactions on 
the folding kinetics o f  the Trp-cage. It is found that non-native interactions play only a 
m inor role in folding, which is a testam ent to the high optimization o f the Trp-cage.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
69
5.1  In tr o d u c tio n
It is now the consensus tliat tlie folding kinetics and therm odynamics o f proteins are 
dominated by the native structure o f  proteins (Paxco et al. 1999, Baker 2000, Kogo 
and Takada 2001). Tliis has inspired numerous computer-simulation studies based on 
Go models, tlie interaction potentials are biased to the known native stm ctures o f  the 
proteins. M ost Go models are homogeneous C a  Go models in which residue is 
presented by a single bead and in which the pairwise interaction energies are the same 
for all pairs. H ie successes o f  these coarse grain C a Go m odels m reproducing the 
folding properties o f  m any proteins illustrate that, for m ost proteins, it is the native 
topology that dominates folding mechanisms (Baker 2000, Koga and Takada 2001).
Despite the success o f coarse-grained C a Go models, recent works have shown that 
certain specific folding details can only be obtained with the use o f  ab-initio or 
all-atom Go models (Shimada et al. 2001, Linhananta 2005). In addition, recent 
experimental results indicate that for certain proteins non-native interactions often 
lead to the fom iation o f  non-native intermediate states, which are globular 
confomiations that contain structural elements not present in tlie native state. For 
example, in a folding experiment on p-lactoglobulin, a m etastable non-native a-helix, 
not observed in its native state, is detected (Hamada and Goto 1997). Non-native 
structural elements in the denatured states o f spectrin SH3 dom ain have also been 
reported (Blamo et al. 1998; Vignera et al. 2002).
Tliere have been several tlieoretical works on the effect o f non-native interactions on 
the ftiemiodynamics and folding kinetics o f proteins. Karpins et al. using the 
CHARJVIM energy force field to assess models o f proteins concluded tliat the 
non-native contribution to the energy o f tlie TSE is between 12 and 20%  (P ad  et al. 
2002). Zhou et al. use a C a  model witli non-native interactions to  probe the folding of 
a tliree-helix-bundle protein (Zhou and Karp lus 1999a). W ith a  lattice m odel Go-like
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model, Shaklmovich and coworkers proposed that the negative or larger than unity 
0-values indicates non-native structures in tlie TSE (Li et al. 2000). The theoretical 
and computational results from Plotkin and coworkers demonstrated that weak 
non-native interactions can speed folding rate up witli simulations o f an off-lattice 
coarse-grained protein model (Plotkin 2001, d e m e n ti and Plotkin 2004).
In Go models, a residue pair (or atomic pair) is native if  tlie pair is in contact in the 
native state. Otlier pairs are designated as non-native. In tlie Go interaction potential 
native pairs are attractive, while non-native pairs are repulsive or do not interact with 
each other. Here it is clear in such models the protein structures are highly optimized 
toward die native states. Usually, Go-like models tliat include non-native interactions 
reduce the optimization by introducing attractive interactions between non-native 
pairs. In m any cases, the non-native interactions are homogeneous, so that all 
non-native pairs have tlie same attractive energy (Zhou and Karpins 1999a; Plotkin 
2001; Clementi and Plotkin 2004). This is an extreme assumption, since the 
specificity o f the 21 amino acids suggests that tlie strength o f the pairwise interactions 
depend on tlie identity^ o f  the interacting pairs. In tliis work we introduce an all-atom 
Go-like m odel with knowledge-based non-native interactions. The strengtli o f  the 
non-native atomic interactions is based on extensive experimental data on amino acids 
(Zhang et al. 1997). Tliis will be used to determine tlie roles o f non-native interactions 
in the folding pathways o f  Trp-cage.
5 .2  M e th o d
5 .2 .1 Homogenous non-native potential
Begin by considering the square-well deptli o f  Eq. 2.3 o f non-bonded atomic pairs 
interacting by van der Waals type potentials. Non-bonded atomic pairs with 
square-well overlaps in tlie ground state stmcture are designated native contact pairs. 
Tliese native pairs have a  square-well depth o f Bn. A ll otlier pairs are designated as
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non native a square-well deptli o f  Bo. In the homogeneous all-atom Go m odel 
described in chapter 3, Bn = -1 and Bo = 0. Consider now tlie “bias gap” param eter
g = 1 - Bo/Bn (Eq.5.1)
used by  Zhou et al. to studied non-native effects (Zhou and Karp lus 1999a). For the 
highly optimized hom ogeneous Go model g = 1. Setting g = 0 is equivalent to  Bn = 
Bo = -1, which is appropriate for a model o f  honiopolyniers. For 0<g<l and w ith Bn 
= -1 is equivalent to -1 < Bo < 0 for all non-native pairs. The latter param eters are 
appropriate for a m odel in which non-native interactions are attractive, but no t as 
attractive as native interactions. In this Go-like model protein structures are still 
biased towards the ground state structures, but, depending on die strength o f  the 
non-native interactions, m etastable non-native structural elements m ay appear along 
the folding pathways. In tiiis m odel die strengdi o f  non-native interactions increase as 
g approaches zero.
5.2.2 Knowledge-based non-native potential
Tlie main shortcoming o f  homogeneous non-native potentials is d iat they treat atomic 
pairs the same regardless o f  which amino acids they  belong to. However, amino acids 
are distinct m olecular units with heterogeneous interactions. To take this into account 
we use the “phenom enological” contact energy o f atomic pairs o f amino acids 
compiled by Delisi and coworkers paper (Zhang et al. 1997). The contact energies 
were detennined by extensive analysis o f experimental protein structures (from the 
protein data bank). Tlie se determined contact energies can be adractive or repulsive 
and are highly heterogeneous, with the interaction between two atoms o f  different 
amino acid residues depending on the identity o f  the residues. For example, the 
contact energy between a C a  atom o f Leucine and a Cp atom o f  Alanine can be 
different than that between a C a  atom o f Serine and a Cp atom o f  Isoleucine. To 
construct our knowledge-base non-native potential we set die non-native square-well 
depths o f a non-native atomic ij pair. By™, to die value in the norm alized the m atrix
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g n n - K B  _  ^
where N„n is the total number of non-native atom-pair contacts which are not appear 
in the native states. Just like the bias gap model, the knowledge-base non-native 
interaction strength increases as g* decreases.
5.3 Results
5.3.1 Homogenous Non-native Interactions
0.6
h o m o






- 0 . 4
- 0.6
0.6 0 . 7 0.8 0 . 90 . 4 0 . 5 1.1 1 2
f l o r g *
Figure 5.1. Mean folding rates vs. gap parameter (g or g*). Homo stands for homogenous attractive 
non-native interactions (g); Know stands for knowledge-based non-native interactions (g*).
For the homogeneous non-native interactions. Figure 5.1 shows that at first the 
folding rate increases, until it reaches its maximum rate at g = 0.9, after which the 
folding rate decreases linearly with g. we can see that the folding rate increases first 
with the increase of strength of homogenous attractive non-native interactions, and 
reaches a maximum at g=0.9. This behaviour can be understood with the contour plots
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o f Fig. 5.2. For weak non-native interaction g > 0.94 Figs. 5.2a,b show a smooth 
two-state free energy landscape, while at m axim um  folding rate param eter o f  g = 0.9 
the landscape becomes rougher w ith the appearance o f  metastable intermediate states. 
For stronger non-native interactions, such as for g = 0.8, Fig. 5.2d shows a very rough 
landscape witli highly stable (long-lived) intennediate state. Sim ilar result has been 
found with off-lattice simulations o f  a C a  model o f the src-SH3 dom ain (Clementi 
and Plotkin 2004) and lattice-simulations o f a Go-like m odel witli non-native 
interactions (Li et al. 2000, Fan et al. 2002). In those studies, it was concluded that 
weak non-native interactions speed up folding by inducing w eakly stable non-native 
intemiediates, but that if  the non-native interactions are too strong the intermediate 
states become “folding traps” that slow folding.
0 1 2 3 4 5 6 7 8 9  10
Figure  5.2 C ontour m aps o f  sim ulations at T*=3.0 for hom ogenous a ttractive  n on-na tive  interactions 
w ith  a) g =1.1, b) g = 0 .95 , c) g = 0.9, and d) g = 0.8.
Figure 5.3 shows contour maps o f different folding pathways for die m odel w ith g = 
0.8. Tlie decomposition o f trajectories into different padiways is detenuined by  the 
cluster analysis method. The diffusion-collision (Fig. 5.3b) and hydrophobic collapse 
(Fig. 5.3 c) are similar to those o f die wild type pathways discussed in Chapter 3. The 
appearance o f Fig. 5.3d suggests trajectories o f pathway III following downhill 
folding pathways (see Fig. 3.4d). However, cluster analysis reveals the presence o f a 
long-lived intemiediate state widi partial helix and hydrophobic core at RMSD and Q 
values very close to that o f  the native state. Tlie latter feature gives the appearance in 
Fig. 5.3d that the native state is broadly distributed in the Q and RM SD space. TTie 
average folding time o f padiway III is 13400, substmitially greater than the folding
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time o f about 5000 for trajectories folding by downhill pathway in the wild type 
model (g-1), which further indicates that this is not a downhill pathway.
0 1 2 3 4 5 6 7 8 9 1 0 0 1 2 3 4 5 6 7 8 9 1 0
0 1 2 3 4 5 6 7 8 9 1 0 0 1 2 3 4 5 6 7 8 9  10
F igure  5.3. D ecom posing tire con tour m ap o f  g=0.8 hom ogenous attractive n on-na tive  interactions in  
th ree  different folding m echanism s determ ined by clustering  analysis, (a) all trajec tories (b) I, d iffusion 
collision; (b) II, hydrophobic  collapse; (c) III, partial helix  and partial hydrophobic  core
Table 5.1 reveals that the m ajor effect o f the hom ogeneous interactions is to increase 
the num ber o f trajectories folding by the pseudo-downhill pathway III. For g < 9.4, 
the pathway is downlrill-like with low M FPT (< 7000). Sim ilar effects o f 
homogeneous non-native interactions on folding mechanisms also have been reported, 
previously (Zhou and Karpins 1999a and 1999b). Tire se results suggest that 
homogenous attractive non-native interactions help hydrophobic collapse but impede 
the fom iation o f a-helix.
Table 5-1. T he popu lation  and average FPT  (M FPT in  brackets) fo r d ifferent fo ld ing m echanism s w ith  
d ifferent re la tive  stability o f  h o m o g e n o u s  non-native interactions. T rajectories are classified  by the
cluster analysis m ethod.
p a th  I path  11 p a th  III U nfolded M FPT
g = l . l 8 8 9 4 ( 1 6 8 ) 3 9 4 ( 2 6 9 ) 9 9 4 ( 5 2 ) 0 161
g=1.0 7 9 9 4 ( 1 6 0 ) 9 %  (2 7 8 ) 1 2 %  ( 5 9 ) 0 154
g = 0 .95 7 2 9 4 ( 1 4 8 ) 3 9 4 ( 2 2 0 ) 2 5 9 4 ( 6 7 ) 0 131
g = 0 .9 5 4 9 4 ( 1 1 7 ) 1 2 9 4 ( 2 9 3 ) 3 4 9 4 ( 7 6 ) 0 123
g = 0 .8 4 9 9 4 ( 1 3 7 ) 1 2 9 4 ( 5 1 5 ) 3 8 9 4 ( 1 3 4 ) 1 179
g = 0 .7 2 9 9 4 ( 2 3 7 ) 1 8 9 4 (4 0 2 ) 5 0 9 4 ( 1 7 3 ) 3 2 3 2
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F igure  5.4. C ontour m aps o f  sim ulations a t T *=3.0 for know ledge-based  non-native in teractions w ith  a) 
g* =1, b ) g* = 0.95, c) g* = 0.89, and d) g* = 0.82
Figure 5.4 shows a set o f  contour maps witli different strengtli o f  knowledge-based 
non-native interactions. No significant effects are observed for g* <=0.89 (Figure 
5.4(b) and (c)), where the free energy landscapes remain two state. For g*=0.82 the 
landscape becomes rougher with the appearance o f an intennediate state (see Figure 
5.4(d)). Table 5.2 summarizes the results o f  cluster analysis on folding simulations o f  
Go-like models witli knowledge-based non-native interactions. Just as for models 
witli homogeneous non-native interactions, the m ain effect o f the knowledge-based 
interactions is to steer folding trajectories toward the downhill folding pathway. The 
m ain difference is that the patliways remain “true” downhill pathways, with cluster 
analysis detection no intennediate state, prior to the native states. Tliis is corroborated 
by  the fact that MFPT < 7000 along tlie downhill patliway for all values o f  g*. 
Anotlier feature is that the hydrophobic collapse pathway is very slowly folding with 
M FPT = 41800, which contributes to the slight increase in the overall average folding 
tim e o f  the Trp-cage model.
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Table 5-2. T he p opu lation  and average FP T  (M FPT  in brackets) fo r d ifferen t fo ld ing  m echanism s w ith  
different relative stability o f  k n o w l e d g e - b a s e d  non-native  interactions.
path  I paü i 11 path  III U nfo lded M FPT
g*=1.0 7994(160) 994(278) 1294 (59) 0 154
g*=0.95 7294(149) 694(201) 2294(71) 0 136
g*=0.89 7194(157) 694(202) 2394(56) 0 141
g*=0.82 6494(132) 994(418) 2694(69) 1 149
5 .4  D is c u s s io n  a n d  C o n c lu s io n
In conclusion, for w eak non-native interactions, the m ain effects are an  increase in the 
average folding speed, which is due mainly by the fact that folding trajectories are 
steered into pseudo-downhill pathways. For low g and g*, the pathw ay is similar to 
the wild type pathway witli not detectable intermediate state prior to tlie native state, 
and a low M FPT < 7000. For strong non-native strength, the behaviours o f  the models 
diverge. In the homogeneous m odel with g = 0.8, tlie pseudo-dow nhill pathway 
possesses (III) an intennediate state witli values o f Q and RMSD sim ilar to the native 
state, giving the appearance o f a broadly distributed native state as seen in Fig. 5.3d. 
Here the behaviour is reminiscent o f  glassy behaviour in systems o f  homopolymers, 
where trajectories fold to unspecific compact states along unspecific pathways on 
roughened free-energy landscapes. In contrast, cluster analysis on trajectories 
following downliill-folding patliway for g*=0.82 (comparable in magnitude to g = 0.8 
o f the homogeneous model) detects no intemiediate, indicating th a t the pathway 
remains downhill. Also there appear on the total contour map (Fig. 5.4d) partially 
folded intem iediate states, quite distinct from tlie native state, which indicate that the 
protein model exliibits behaviours commonly attributed to  real proteins. Taken 
togetlier, the results o f  tliis chapter suggest tliat knowledge-based non-native 
interactions be used to improve the accuracy o f Go-like models o f  proteins.
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